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SYNOPSIS 


The energy transfer rates in gas molecules can be studied by 
the techniques of selective excitation, of a particular energy 
level, which creates a non-equilibrium distribution, and 
subsequent observation of the rate at which it relaxes. The thesis 
presents a study of the vibration-vibration energy transfer 
processes in mixtures of CO^ with other gases 

[Dichlorodif luoromethane (CF^Cl^), Thiophene or Acetone-d^ 

(000)9^0] by Laser Induced Fluorescence (LIF) technique. A home 
built Q-switched CO^ laser was used to selectively pump the 
molecules in CO^CIO^O) and C02(02*'0) levels to CO^COO*"!) level. 
This creates a population in excess of the equilibrium value in 
level. Since the intensity of the fluorescence signal 
from 00^(00 1) level is proportional to the excess population in 
that level, the rate of relaxation of CO^tOO**!) level can be 
obtained by studying the time history of fluorescence. 

The fluorescence from the vibrational ly excited CO^COO^l) 
level was monitored using an InSb detector. The time history of 
the fluorescence signal was recorded using signal averaging 
technique. The deactivation rate of CO^COO**!) was studied in , pure 
CO^ as well as in CO^-CF^Cl^; CO^-C^H^S and CO^-CCD^)^^ gas 
mixtures at different temperatures in the range of 323-463 K. The 
experiments were performed with various compositions of the gas 
mixtures. The deactivation rates and the probabilities of energy 
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o 

transfer from 00^(00 1) to its collision partners are reported. 
Some of the transition dipole moment matrix elements of the 
involved transitions were not available in the literature and they 
were estimated by comparing the experimental and the theoretically 
calculated probabilities. 

The thesis contains seven chapters and three appendices. 
Chapter I presents a brief introduction to the energy transfer 
processes and the various techniques used to observe the energy 
transfer processes. The laser induced fluorescence technique and 
experimental set-up are described in Chapter II. 

In Chapter III different theories of energy transfer based on 
short range and long range interaction between the colliding 
molecules are reviewed. The Schwartz, Slawsky and Herzfeld (SSH) 
theory and SSH-Tanczos breathing sphere model are presented in 
detail among the theories based on short range forces. Sharma and 
Brau (SB) theory and Tam’s modification of SB-theory (SB-Tam 
theory) are discussed in detail among the theories which consider 
the long range forces to be responsible for energy transfer. 

Experimental results are discussed and interpreted in 
Chapters IV through VI. In Chapter IV, the experimental results of 
CO^-CF^Cl^ mixtures are discussed. The experimental energy 
transfer probabilities in CO^-CF^Cl^ were found to be independent 
of temperature. SSH-Tanczos breathing sphere model and SB-Tam 
theory were used to interpret the experimental results. The SSH 
theory could not explain the observed energy transfer 
probabilities either quantitatively or its dependence on 
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temperature, whereas SB-Tam theory explained both the magnitude 
and the temperature dependence satisfactorily. The square of 
transition dipole moment matrix elements for two of the levels 
and available were estimated by 

matching the experimental data with the theoretically calculated 
values. They are in qualitative agreement with the reported data 
on relative intensity. 

The experimental results of CO^-C^H^S mixtures are discussed 
in Chapter V. The energy transfer probabilities in CO^-C^H^S were 
found to be decreasing with temperature. Therefore the results 
were interpreted using SB-Tam theory. The sum of the square of the 
transition dipole moment matrix elements for y. and y„ levels in 

D / 

C 4 H 4 S were estimated by matching the experimental data with the 
theoretically obtained values. 

The experimental results for CO^-[CD^)^CO mixtures are 
discussed and interpreted in Chapter VI. The experimental 
probabilities of energy transfer showed a negative temperature 
dependence. The SB-Tam theory was used to explain the results. It 
was found that five levels in (CD-)«CO, viz. y., y_ , y._ and 

are responsible in deactivating C0„(00°l) level. The 
transition dipole moments for none of these levels are available. 
With the present data, it was not possible to obtain the dipole 
moments for each of these levels. Therefore a model was 
considered in which only one level is assumed to be responsible 
for deactivating CO^COO*’!). Since it was reported that level 

is strong whereas the other four levels are of medium intensity, 



^21 considered. The transition dipole moment of level 
was estimated by matching the theoretical probabilities with the 
experimental values. 

Conclusions and further scope of work is presented in Chapter 
VII. Three appendices are presented at the end of the thesis. The 
first one contains the procedure to calculate breathing sphere 
parameters using normal coordinate analysis. The second and third 
appendices are devoted to the procedure involved in numerical 
calculation of the integrals required in SB and SB-Tam theories. 



CHAPTER I 
INTRODUCTION 


The energy transfer processes which occur during molecular 
collisions in gases and gas mixtures play a dominant role in 
chemical reactions, isotope separation through laser excitation 
and in the design of gas lasers. The importance * of the knowledge 
of energy transfer rates in the design of gas laser systems can be 
realized from the impact they made on the CO^ laser output power. 
From a level of 3 mW in pure CO^, the power output has increased 
to a few kilowatts in mixtures of CO^-N^-He^ This power 

enhancement is closely related to the efficient 
vibration-vibration (V-V) energy transfer in 

vibration-translation (V-T) energy transfer in CO^-He. With the 

development of lasers, the laser initiated chemical reactions have 

7-10 

been widely studied. Once the reactants are selectively excited 
using a laser radiation, the energy gets redistributed among the 
translational and various internal modes of the molecule during 
collisions and a knowledge of the V-V and V-T energy transfer 
rates is required for a complete understanding of the reaction 
mechanism. The aim of the present work is to study the energy 
transfer rates from the CO^COO^'l) level to dichlorodif luoromethane 
(CF^Cl-), thiophene (C.H-S) and acetone-d, [(CD^)^CO]. 

Vibrational energy transfer processes may be divided into two 
broad categories, namely, radiative processes and collisional 



processes. The former are characterized by the radiative lifetime 
of the excited state. The vibrationally excited states have long 
natural lifetimes. For molecules with electric dipole moments and 
reasonably strong IR bands, they are of the order of tens of 
milliseconds. For molecules such as with no dipole moment, 
the radiative lifetime exceeds many seconds. Since under normal 
experimental densities a great many collisions occur during the 
course of one radiative lifetime, it is generally true that 
collisional relaxation predominates over radiative relaxation. 

Vibrational energy transfer is an example of inelastic 
molecular collisions. This phenomenon is different from, both 
elastic collisions and chemically reactive scattering. In elastic 
collisions, the internal states of the molecules remain unchanged 
before and after the collision event has taken place resulting in 
no transfer of energy. In chemical reactions, rearrangements of 
the chemical bonds take place resulting in a qualitative change 
from reactants to products. In the case of vibrational energy 
transfer, only the internal quantum states of a molecule change 
without any rearrangement of chemical bonds. 

Shock tube and ultrasonic techniques have been widely 

11-15 

used to obtain V-T energy transfer rates in the gas phase by 
measuring the rate at which the vibrational heat capacity comes 
into equilibrium with translational degrees of freedom. In 
ultrasonic studies either the absorption of the power or the 
dispersion of the velocity is measured. On the other hand in 
shock tube the temperature decrease or the density increase behind 
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a shock front due to the feeding of the energy from translation to 

vibration is observed. These studies showed that V-V energy 

transfer is much faster than V-T energy transfer, but no precise 

rates for V-V processes were measured for a long time. Latter it 

was possible to obtain V-V transfer rates from shock tube 

16 17 

experiments using infrared emission ’ and Laser Schlieren 
18 19 

Techniques ’ . However, the measurement of V-V energy transfer 

rates using laser has the advantage that the initially excited 

level is precisely known. Consequently, from the time the first 

successful experiments on vibrational relaxation studies using 

20 22 

laser were reported * , variety of methods and the number of 

molecules and the types of energy transfer processes to which 
these methods may be applied continued to grow rapidly. Some of 
the methods currently being used for the measurement of the V-V 
energy transfer rates with lasers are the laser induced 
fluorescence (LIF), the IR double resonance, the thermal lensing 
and molecular beam techniques. The LIF technique is used in the 
present work and is discussed in Chapter II. 

V-V energy transfer processes may be broadly classified into 
two types, near-resonant and non-resonant processes. In near 
resonant processes the amount of energy going into translation is 
very small whereas in non-resonant processes it is relatively 
large. V-V energy transfer processes are further classified as 

(i) Intramolecular energy transfer processes where the excess 
energy is redistributed among the different vibrational 
degrees of freedom of the same molecule. 
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(ii) Intermolecular energy transfer processes where the energy 
is transferred into the vibrational modes of the 
collision partner. 

23 

Landau and Teller were the first to formulate a classical 
theoretical model. According to the Ehrnfest’s adiabatic 
principle, the duration of a collision has to be short compared to 
the period of vibration for efficient energy transfer to take 
place. Based on this principle, Landau and Teller derived an 
expression for the temperature dependence of the energy transfer 
probability assuming that the intermolecular potential can be 
represented by an exponential repulsive interaction. According to 

-1/3 

them, the probability of energy transfer P ~ exp(--T ) which 

shows that high temperatures favor the probability of energy 

24 

transfer. Later Schwartz, Slawsky and Herzfeld (SSH) obtained 

-1/3 

an expression with the characteristic T dependence from 

quantum mechanical considerations but still retaining the 
exponential repulsive interaction. These models have successfully 
accounted for the magnitude and temperature dependence of the 
energy transfer rates in many systems^ ^ 

The experimental observations for the transfer of energy from 

o 25 

CO^COO 1) to N2 (v= 1) in the range 300-1000 K showed a negative 
temperature dependence for the first time where the energy 
transfer probabilities were found to vary as T The SSH theory 
could not account for either the large magnitude or the negative 
temperature dependence of energy transfer probability for 
system. If long range forces play a dominant role for the energy 
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transfer, collisions with large values of impact parameter also 

contribute and the rates will be an order of magnitude greater 

than those observed for processes where only short range process 

26 

cause the energy transfer. Sharma and Brau (SB) formulated a 

semiclassical theory in which the long range forces, which are 

attractive in nature, cause the energy transfer for near-resonant 

processes. The first order perturbation calculations of Sharma 
27 

and Brau reproduced the magnitude and temperature dependence of 
the energy transfer probability in the range 300-1000 K for the 


system CO^- 

-N^ 

assuming that energy 

transfer 

is 

due 

to 

the 

interaction 

of 

the transition dipole 

moment 

of 

CO 2 

and 

the 


transition quadrupole moment of N^. Subsequently many measurements 

— 1 28 

of the energy transfer probabilities confirmed T dependence 
and SB theory was found to be applicable for near-resonant 
processes. Thus the study of energy transfer rates as a function 
of temperature should give an indication of the type of 
intermolecular forces that cause the energy transfer. 

A brief description of the LIF technique and experimental 
set-up used in the present work is given in Chapter II. In 
Chapter III different theories of energy transfer based on short 
range and long range interaction between the colliding molecules 
are reviewed. The SSH and SSH-Tanczos theories for calculating 
energy transfer probabilities are presented in detail among the 
theories based on short range forces. SB theory and Tam’s 
modification of SB theory (SB-Tam theory) are discussed in detail 
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among the theories which consider the long range forces to be 
responsible for energy transfer. 

Experimental results are discussed in Chapter IV through VI. 
In Chapter IV, the experimental results for CO^-CF^Cl^ mixtures 
are presented and discussed. Chapters V and VI present the 
experimental results and discussion for CO^-C^H^S and CO^-{CD^)^CO 
mixtures, respectively. 

The conclusions and further scope of the present work are 
given in Chapter VII. Three appendices are also presented. 
Appendix A contains the procedure to calculate breathing sphere 
parameters using normal coordinate analysis. Appendices B and C 
present the procedure involved in numerical calculation of the 
integrals required in SB and SB-Tam theories. 



CHAPTER II 

EXPERIMENTAL TECHNIQUE AND SET-UP 


II. 1 LASER INDUCED FLUORESCENCE (LIF) TECHNIQUE 

Laser induced fluorescence from (00°1) level of CO^ was 
monitored to measure the relaxation time of C 02 ( 00 °l) level in the 
presence of dichlorodif luoromethane (CF^Cl^), thiophene (C^H^S) 
and acetone-d^ ((CD„)„CO). The C0.,(00°l) level was excited by a 
Q-switched CO^ laser. When a mixture of (M represents the 

collision partner) is excited by the CO^ laser pulse, the 
molecules in the CO^CIO^O) and 00^(02^0) levels are pumped to the 

o 

CO^COO 1) level creating a population in excess of that at 
equilibrium. CO^COO"^!) level is optically connected to the ground 
level. Therefore, after termination of the pump laser pulse, this 
excess population in 00^(00^1) level reaches its equilibrium value 
and a fluorescence signal at 4,3fi is observed, the intensity of 
which decays with a time constant t, known as relaxation time. 

O 

The decay of the excess population in the 00^(00 1) level 
can proceed through the following three independent processes each 
having a characteristic time constant. 

(i) Collisions with other molecules, 

(ii) radiation decay 

(iii) diffusion and subsequent deactivation by collisions with 
the walls of the container. 
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Thus the observed time constant is the sum of all the time 
constants of the above processes, that is, 



( ^ )coir 1 hs ( ■' ) 


^diff 


( 2 . 1 ) 


Of the above three processes, the collisional deactivation 

rate directly proportional to the pressure as long as 

binary collisions are dominant. The rate of diffusion to the 

walls varies inversely as the pressure. The radiative 

decay rate independent of the pressure. Under the 

condition, where the pressures are sufficiently high for the 

diffusion rate to be negligible, a plot of vs pressure 

-1 

should give a straight line whose slope represents the 

collisional rate of deactivation. 

The rate of collisional deactivation in gas mixtures CO^-M, 
consists of the following two processes: 

(i) the deactivation by collisions with other CO^ molecules 
(ii) the deactivation by collisions with the molecules of M. 
Therefore, by studying the dependence of the values 

on the composition of the gas mixture, one can obtain the 
deactivation rate due to collisions with M, which is a direct 

o 

measure of the rate of energy transfer from 00^(00 1) to M. 
Further, a study of the temperature dependence of these energy 
transfer rates provides information regarding the nature of 
intermolecular forces which cause the energy transfer. In case of 
the energy transfer rates which increase with temperature. 
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23 24 

short-range forces are believed to be dominant * , while in the 

case of systems showing negative temperature dependence long range 

26 2*7 

forces are expected to play a dominant role * in causing the 
energy transfer. 

The laser induced fluorescence (LIF) method has many 

advantages over the conventional methods of ultrasonic absorption 
and shock waves for the measurement of energy transfer rates in 
gases. In general any laser which operates on a vibrational 

transition, permits that transition to be excited in a gas sample 
when the sample absorbs the laser pulse. Hence the initial 
excited level of a gas is known in the LIF technique. The 
experimental methods using the shock tube or ultrasonic absorption 
are limited by the fact that excitation must go through the 

translational degrees of freedom. In these methods it is not 

possible to uniquely specify the initially excited level and the 
analysis of the results in many systems is considerably 

complicated. The large power densities and the narrow pulse 

widths of the laser radiation are exploited for the study of fast 
V-V energy transfer rates in gas mixtures. Most of the 

experimental data obtained from the shock tube and ultrasonic 
absorption methods till recently, were limited to the measurement 
of the rates of V-T energy transfer. However, during the last few 

years, V-V energy transfer data have also been obtained from shock 

tube experiments. The LIF measurements are generally performed 
from low to moderate temperature, the limiting temperature being 
approximately 900 K. To study the energy transfer values at high 
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temperature (up to 2000 K) usually a shock tube is preferred to 
the LIF method. The major limitation of the LIF technique was 
that only those molecules which absorb the laser radiation could 
be studied. But with the development of various tunable lasers, 
the number of molecules that can be studied with this technique 
has increased tremendously. 

The data on energy transfer are frequently expressed in 
terms of rate constants k, cross sections cr and probabilities P. 
All these quantities are interrelated and the relations are given 
below. Experimentally measured rate constant which is thermally 
averaged is given by 


where , 



v(r(v)f(v)dv H <<rv> 


( 2 . 2 ) 


V = relative velocity of the colliding molecules 

f(v) = Maxwellian distribution function 

= 47r(/i/27rk^T)^^^v^ exp ( *“pv^/2k^T ) 

Jd Jd 

k^^ = Boltzmann constant 

D 

fi = reduced mass of the two collision partners. 
One may define cross section « 0 '» per collision as 


where , 


«<r» 


k 

<v> 


<<rv> 

<v> 


1/2 

<v> = (8k T/ujLi) 

£> 


(2.3) 


(2.4) 


n = number of molecules per cc per Torr. 
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This cross section is compared with the collision cross 
2 

section ird , where d is the hard sphere diameter. The probability 
per collision «P» is then given by 


«P» = 


«cr» 


nd 


(2.5) 


Here the double brackets are used for the above quantities as they 
do not represent the true averages as their names suggest. The 
true average cross section is given by 

<cr> = J a-(v)f(v)dv 
29 

and Yardley has shown that it differs from «cr» by a factor of 
ir/4 for dipole dipole interaction. Therefore, 


<cr> = «<r» 

4 


( 2 . 6 ) 


Thus the experimental average probability is given by 


<P> 


<<r> ir <<cr>> 


ird 


4 ^2 

nd 


(2.7) 


Using Eqns. (2.3) through (2.7), one can write 


-? -2 1/2 

<P> = 1.73x10 d (pT) k 
where d = hard sphere collision diameter in A 
p = collision reduced mass in amu 


( 2 . 8 ) 
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T = temperature in K 
k = rate constant in Torr Vs ^ . 

This probability <P> will be compared with the theoretically 
obtained probabilities while interpreting the data. 

I I . 2 EXPERIMENTAL SET-UP 

A Block diagram of the experimental set-up used for the 
measurement of relaxation time by LIF technique is shown in Fig. 
2.1. The major components are, 

(i) A Q-switched CO^ laser 

(ii) Gas handling system 

(iii) Test Cell 

(iv) IR detector 

(v) Signal averaging and recording system. 

A brief description of each is given below. 

(i) Q-switched CO^ laser 

The laser was made of a discharge tube, 25 mm in diameter and 
3 m long, which was cooled by water flowing in the surrounding 
jacket. One end of the tube was terminated by a stationary flat 
II-VI gold coated Si mirror fixed on a mirror mount and the other 
end was terminated by a II-VI ZnSe window at Brewster angle. The 
mirror mount for the stationary mirror was provided with 
micrometer adjustments for proper alignment of the mirror. This 
mirror had a central uncoated portion of 4 mm diameter through 
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Pointolite Concave 



Fig. 2.1 Block diagram of the experimental set-up. 
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which the laser power was taken out. A rotating gold coated II-VI 
Si mirror with a 10 m radius of curvature, formed the other end of 
the cavity. The cavity length was 4.5 m and the cell containing 
the sample to be studied was placed inside the cavity. The 
rotating mirror was mounted on the shaft of an Amphenol 
synchronous motor which rotated with a speed of 3600 rpm. 
Whenever this Q-switching mirror gets aligned with the stationary 
mirror a laser pulse is given out. The repetition rate of the 
laser pulse was 60 Hz. 

Longitudinal excitation was achieved by applying a DC 
potential between the two ends of the discharge tube. A gas 
mixture of CO^. N 2 and He in the ratio 1:1:2 at a total pressure 
of « 10 Torr was allowed to flow continuously in the discharge 
tube across which a DC potential of 13 kV was maintained. After 

passing through the discharge tube, the gas mixture was pumped out 

# 

by a 160 liter/minute rotary pump. The composition of the gas 
mixture as well as the total pressure were varied to get the 
maximum power output from the laser. The optimum current in the 
discharge tube was found to be 30 mA. A gold coated germanium 
detector (SBRC Model 40742) was used to detect the laser pulses 
while a InSb detector (Judson Infra Red Corp. ) was used to detect 
the fluorescence at 4.3p. 

(ii) Gas handling system 

The mixture of test gases was prepared in glass bulbs of 1 
liter volume at a total pressure of about 700 mm Hg. Pressure 
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measurements were made using two U-tube manometers. A mercury 

manometer was used for recording pressures greater than 25 Torr 

and a silicone oil manometer was used to measure pressures below 

25 Torr. The gas handling system was pumped down to pressures 
-4 

less than 10 Torr by a silicone oil diffusion pump backed by a 
mechanical pump. Evacuation was continued for several hours 
before filling the bulbs. 

The composition of the gas mixtures was determined from the 
partial pressures. One of the components (say component 1) of the 
gas mixtures was first filled in the glass bulbs at a pressure 
Torr. The other component was then added till the total pressure 
was P Torr. The mole fraction of component 1 in the gas mixture 
was calculated from the ratio P^/P. The uncertainty in the 
measurement of pressures was 0.16 Torr when silicone oil manometer 
was used whereas it was 2 Torr in case of mercury manometer. The 
resulting error in the composition determination was less than 
0.25%. The gas mixtures were left for at least 36 hours to ensure 
thorough mixing before withdrawing samples for fluorescence 
studies. The gases used were - CO^ (Matheson, purity 99.8%), 
CF^l^ (Aldrich, purity 99+%), (Merck, purity 99+%) and 

(CD^)^^ (Sigma, purity 99.5%). 

(iii) The Test Cell 

The test cell was made of a 300 mm long glass tube with a 
T-joint. Two stainless steel tubes cut at Brewster angles were 
connected to the ends of the glass tube through teflon seals and 
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aluminum flanges. Two II-VI ZnSe windows were used to close the 
ends at Brewster angle. The central portion, perpendicular to the 
test cell axis, was sealed by a KRS window. Thus the fluorescence 
signal was detected from this window at right angle to the laser 
axis. A schematic diagram of the test cell is shown in Fig. 2.2. 
To facilitate evacuation and filling the cell with gas mixtures, a 
6 mm glass tube with flexible metallic bellows through covar 
seals, a vacuum stop cock and a ball joint were attached to the 
test cell. 

A 1000 W heating tape was wound on the test cell. A 
chrome 1 -a lumel thermocouple was attached to the test cell to 
measure the temperature. The temperature was controlled by a 
temperature controller whose accuracy was ±2 K. 

(iv) Infrared detectors 

The fluorescence signal at 4.3 pm from CO^ was detected by a 
Judson Infrared Incorp. indiumantimonide (InSb) detector having 
maximum sensitivity at around 5 pm. The operating temperature of 
the detector was 77 K which was achieved with the help of liquid 
nitrogen. The time constant of the detector was reported to be 
less than 1 ps. The laser pulse was detected by a Santa Barbara 
Research Center Model 40742 (HS) gold doped germanium (Au:Ge) 
detector. The operating temperature for this detector also was 


77 K. 
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To gas hondling system 



Fig. 2.2 Block diagram of the test cell. 
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(v) Signal Averaging and Recording System 

The output from the InSb detector was fed to a Kikusui COS 
160 oscilloscope for display, after amplifying it by a Tek 1A7A 
plug-in-unit. This plug-in-unit is a differential amplifier and 
the 3 db cut-off points were 1 Hz and 1 MHz in the low and high 
frequency range, respectively. After amplification typical signal 
intensities were of the order of 0.2 mV. The vertical signal 
output from the oscilloscope was fed to a PAR 160A boxcar 
integrator to improve the signal to noise ratio. A point source 
of light was used to provide incident ray of light onto the 
rotating mirror and the reflected light was collected by a 
photodiode. The pulses from the photodiode, after amplification, 
were fed to a Tek 162 waveform generator, which generates a 
sawtooth voltage. The sawtooth voltage is then given to a Tek 161 
pulse generator which generates a square pulse with adjustable 
delay and Pulse width. The time delayed pulses (with respect to 
the onset of the pump laser pulse) were used to trigger the 
oscilloscope and boxcar integrator, and to start the HP5248M 
electronic counter. The boxcar integrator starts a gate, after 
being triggered by the delayed pulse from Tek 161 pulse generator, 
which scans the signal to be averaged. The gate width and the 
time base over which the gate has to scan the signal could be 
adj'usted. Since the gate samples a very large number of signals 
at a point before moving to the next point on the intensity versus 
time curve, the random noise is eliminated and the signal is 
reproduced with an increased signal to noise ratio. 
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The HP5248M electronic counter was used to measure time. 
The delayed pulse from Tek 161 pulse generator started the counter 
whereas the moving gate from the boxcar was used to stop the 
counter. 

The output of the boxcar integrator was fed to an Omega 
strip chart recorder which records the fluorescence intensity 
versus time trace. A typical plot of the recorded signal is shown 
in Fig. 2.3. 

To test the performance of the equipment and associated 

electronics regarding the reproducibility of data, fluorescence 

measurements were performed with pure CO^ and the results are 

presented in Chapter IV. The measured values were found to 

be in good agreement with those reported in the 

28,30-32 


literature' 



C02 —( 003)2 CO Mixture 
(003)200 = II*/. 

T = 413K 
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CHAPTER III 
THEORY 


III.l GENERAL 

Energy transfer between the internal and the translational 
degrees of freedom of a molecule is caused by intermolecular 
forces during collisions. A transition between the internal states 
of molecule results in energy transfer from one internal degree of 
freedom to another internal degree of freedom. Various theories of 
vibrational energy transfer attempt to estimate the probability 
that a molecule undergoes a transition from one vibrational state 
to another during a molecular collision. A preliminary 
understanding of the nature of intermolecular interactions that 
cause the energy transfer can be obtained by applying Ehrenfest's 
adiabatic principle to molecular collisions. This principle states 
that if a changing external force acts on a periodic motion the 
process will be adiabatic, if the change of force is small during 
a period of the motion. In such processes the probability for 
energy transfer is very low. The criterion for a non-adiabatic 
process, which involves transfer of energy, is the duration of the 
collision is short compared to the period of oscillation. At 
moderate temperatures the time taken to traverse the range of the 
long-range forces which is approximately 5 A in a molecular 
collision, is much longer than the period of a vibration. 
Therefore, the vibrations are assumed to be adiabatic with respect 



22 


to these forces. On the other hand, in a molecular collision the 

time taken to recoil from the short-range repulsive forces (range 

«0.2 A) is of the order of the period of molecular vibration. The 

vibrations, therefore, are not strongly adiabatic with respect to 

these forces. Because of this, the vibrational transitions in 

collisions are believed to be caused by the short-range repulsive 

23 

forces between the molecules. The theories of Landau and Teller , 

24 33 

and of Schwartz, Slawsky and Herzfeld (SSH) and Tanczos and 
34 

Rapp which are based on this premise have been successful in 

explaining a wide variety of vibrational relaxation rates. These 

29 

are discussed by Yardley . All these theories predict that the 
probability of energy transfer increases with temperature. Since 
then many systems were studied in which the temperature dependence 
of energy transfer probability could not be explained by SSH 
theory and its modification. One of the first examples was the 
following near resonant vibrational energy transfer from CO^ to 


00^(00 1 ) + N 2 ( v = 0 ) 


00^(00 0) + N2(v= 1) + AE(=18 cm ) 


The observed probability of energy transfer for the process (3.1) 

25 

shows a negative temperature dependence below 1000 K in contrast 
to the results predicted by SSH theory. This raises doubts about 
the applicability of SSH theory to such processes. In addition to 
this, SSH theory also underestimates the value of the energy 
transfer probability at room temperature for process (3.1) by a 
factor of four. This discrepancy in the magnitude of the energy 
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transfer probability was however could be eliminated in the 

Tanczos modification of SSH theory. Failure of these theories was 

attributed to the assumption that only short-range forces are 

responsible for vibrational energy transfer. 

Mahan was the first to use the long range dipole-dipole 

interaction to calculate the probability for near-resonant 

35 

vibration-vibration (V-V) energy transfer which predicts that 

1/2 

the probability is proportional to T .A detailed discussion of 

2,S 

this theory can be found in ref. 29. Later Sharma and Brau (SB) 

also obtained the probabilities for V-V transfer for long range 

interaction using a different approach. In particular, they have 

demonstrated that the negative temperature dependence of 

probability for process (3.1) is due to long range dipole- 

-4 

quadrupole interaction between CO^ and which varies as r 

The magnitude as well as the temperature dependence of the 

probabilities for the process (3.1), obtained using the Tam's 

modification of SB theory, were in agreement with the experimental 

values. Since then SB theory has been applied to many systems with 

37-45 

reasonable success where long range forces are believed to 

cause the energy transfer. The SB theory was modified by Tam^^ to 
include the non-resonant processes. Tam showed that the head-on 
collisions play a dominant role in non-resonant energy transfer 
processes. 

In the present work SB theory with Tam's modification is used 

o 

to calculate the probability of energy transfer form CO^ (00 1) to 
dichlorodifluoromethane (CF„C1„), acetone-d^ [{CD„)„C0], and 

2 2 D o 2 
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thiophene (C^H^S). Estimates of the transition dipole moments for 
the involved transitions in these molecules were also made using 
this theory. SSH-Tanczos theory is also used to calculate energy 
transfer probability for CO^-CF^Cl^ system. A brief review of the 
relevant theories is presented below. 

III. 2 LANDAU AND TELLER THEORY 

15 23 

Landau and Teller ' contributed extensively to the 
physical understanding of the energy transfer processes. They were 
the first to derive an expression for the temperature dependence 
of the probability of energy transfer during a collision, by a 
purely classical treatment. If an atom A approaches a diatomic 
molecule BC along the molecular axis and makes a head-on collision 
with B, ^ the collision makes the intermolecular distance to 
contract. In other words, the collision compresses the spring 
connecting B and C which is a molecular bond. For an efficient 
energy transfer A should be rebounded from B when B comes back to 
its equilibrium position. Otherwise there will be a second 
collision transferring the energy back to A from B. Consequently a 
little or no net kinetic energy is transferred from A to the 
vibrating mode of BC and the collision becomes adiabatic. 

Thus, Landau and Teller concluded that the probability of 
energy transfer depends on (and increases with) the ratio of the 
period of vibration to the time of interaction. If v is the 
frequency of oscillation, I is the range of interaction force i.e. 
the distance travelled by A in the repulsive potential field of 
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BC, and is the relative velocity, the criterion for 

non-adiabatic collisions can be written as 



From this they concluded that only short range forces are 
effective in producing transitions. Since the repulsive 
intermolecular forces have shorter range than the attractive ones, 
only the former need to be considered. 

They assumed the following repulsive exponential potential 


V = Ce 


-ax 


( 3 . 3 ) 


and obtained the probability P as 

Thus 

In P oc 

which means the probability P increases with increasing 
temperature T. 

III. 3 SCHWARTZ, SLAWSKY AND HERZFELD (SSH) THEORY 

Q A 

Schwartz, Slawsky and Herzfeld extended the theory of V-V 
energy transfer in diatomic gases to chemically non-reacting gas 
mixtures and to gas molecules with several normal vibrational 


( 3 . 4 ) 

( 3 . 5 ) 
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modes. They considered the molecules to be rotationless and 

approach each other along a straight line. The motion can be 

described in terms of the distance between the centers of mass of 

the collision pair r, and the normal vibrational coordinates 

s . It was further assumed that the zero-order wave 

2 n 

functions describing the collision are separable in these 
coordinates and the interaction potential between the molecules 
was approximated by a product functions of the coordinates. 
That is, 


V = 


V„Vr(r)V,(Si). 


.V (s ) 
n n 


( 3 . 6 ) 


where is a constant with dimension of energy. 

With these assumptions the probability that the system, made 

up of a pair of colliding molecules, originally of relative 

velocity v^, initial vibrational states i^, i^, i^ 

final vibrational states f^^, f^, f^^- can be expressed, 

47 

following the method of Zener , as follows 


i — ^f f , 

P = 


2 2 

167r V 


V V 

Of 


— [vd - 

v2 1 

h *- 


^fj) V(i 


i — >f )r 1 
n n J 


( 3 . 7 ) 


where 


R = 


'+00 




( 3 . 8 ) 


and Fq, Fp are the solutions of the Schrodinger wave equation 
(3.9) for the motion of a free particle in a potential field V^. 
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8n^n ( 

h2 [2 


VnV 

0 r 




(3.9) 


where ^jl is the reduced mass of the molecules and 


n n 


+ 0 O , . (s ) , 

,(n)„ n ,(n), 
th. V \b. ds 
n ’^f n 


(3.10) 


where 


,(n) 

*1 



normalized oscillator wave function for the s th 

n 


normal vibrational coordinate 
Vq = relative velocity of the molecules before collision 
Vp = relative velocity after collision. 

SSH assumed that the interaction between individual atoms of 
different molecules to be 


V = 


Ce 


-OCX 


(3.11) 


where x “ distance between colliding atoms 


= r + Aq + AjSj + A^s^ + 


.+ A s 
n n 


The interaction potential V is of the form of Eqn. (3.6). In 
order to determine a, the first term of eqn (3.11) 


V 


-ar 


(3.12) 


is fitted to Lennard-Jones potential function 





28 


(3.13) 


I 

at the point r = r^, being the classical distance of closest 

approach of the two molecules approaching each other with a 

relative velocity v^. This is achieved by matching the values of V 
dV 

and slopes ^ of eqns. (3.12) and (3.13) and adding the condition 
that V — >e as r — >oo. Then 




and 


= [I . |(1 . d)'/2- 


1 / 21 - 1/6 


(3.14) 


(3.15) 


where D = 


1 2 ^ 
2 ^^0 ^ 


Now, for the potential of the form = e shown to be 


i — >f ,.2 f , S' \ 

p = V 


? 12 2 2 

V^(i )-J-^(e^ - 4 ^ 

^ ^ ISn^ ° ^ 


0 ^, -e 0 -0 

(e ° - e °) (e ^ - e ^) 

, ®0 “®0 ®F "®F.2 

(e + e - e - e ) 


(3.16) 


. 2 

4n fiVj. 

where 0_ = — r 

0 ah 


. 2 
4Tr pv 

01. = -1~ 

F ah 
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Here and Vp are not independent but they are related by the 
fact that the total energy of the collision system is conserved in 
the collision i.e.. 


H (Vq - Vp) = AE (3.17) 

= total energy exchanged between vibration 

and translation during a collision, 
i^f 

The probability p given by eqn (3.16) is dependant on the 
initial velocity v^. Therefore the probability has to be averaged 
over all initial velocities assuming Maxwellian velocity 
distribution. Thus the overall probability is given by 



(3.18) 


The integral in (3.18) cannot be evaluated in a closed form. Hence 
the following two limiting cases will be discussed. 

(i) Non~resonant Energy Exchange 
(ii) Resonant Energy Exchange 


(i) Non-resonant Energy Exchange 

i >f 

The probability p (v^) increases with increasing velocity 
Vq. On the other hand due to Boltzmann factor exp — the number 
of molecules with higher velocity decreases strongly with 


increasing v^. Thus the integral in (3.18) is expected to go 

* 

through a maximum value at certain value of v^ = v^ , called the 
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most favorable velocity. Assuming 


exp 


^ a hv--' 


(3. 19) 


» AE 


(3.20) 


|(v*)^ » AE 


(3.21) 


SSH obtained the overall probability to be 


= 0.394V^(i,-^f, ) V^(i — >f ) 

11 n n 


Stt^PAE 

3/2 -c 
a e 

* 2 2 
[(a rtij 

-2/3cr. 
(1-e ) 


where 

cr = 3 


4 2 ' 

2ir (AE) fi 


* 2 2 
(a )^h kT 


1/3 


AE 

2kT 


(3.22) 


(3.23) 


a = value of a at v = v. 


= 


2 1 

1/3 

[2 1 

4jr kTAE 

_ AE 

4Tr kTAE 

* 

a hp 

, - 

* 

a hp 


-1/3 


(3.24) 


In Eqn. (3.23) + or - sign corresponds to decrease or increase of 
the total vibrational energy respectively. 


(ii) Resonant Energy Exchange 

When AE = 0, Eqn. (3.22) cannot be used to calculate the 
probability of energy transfer. But Eqn. (3.16) for p^ reduces 
to 
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2nfiv 


ah 


(3.25) 


and Eqn. (3.18) can be integrated to yield 


= V^(i.-^f J....V^(i ) 

11 n n 


’STT^flkl 


2^2 
a h 


(3.26) 


III. 4 TANCZOS* BREATHING SPHERE MODEL 

The SSH method for calculating the probability of energy 

transfer in gases was extended to polyatomic molecules by 
33 

Tanczos . In the breathing sphere approximation, Tanczos assumed 

that the motion of each of the surface atoms for all normal modes 

is directed radially, that is along the most effective direction 

for energy transfer. He used the theory to calculate vibrational 

49 

relaxation times in methane and chloromethanes. Later Stretton 
successfully applied the SSH-Tanczos theory to estimate the 
relaxation times in acetylenes, ethylenes, methane and methane 
derivatives. 


A. Non-resonant Energy Exchange 

To calculate the transition probability, Tanczos considered 
bimolecular collisions resulting in transition of (i) the simple 
kind, involving a change in a vibrational state of one of the 
colliding molecules and (ii) the complex kind, involving the 
simultaneous change of a vibrational state in each of the 


colliding molecules. 
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24 48 

Following the lines of SSH and Schwartz and Herzfeld a 

repulsive exponential potential function was used for interaction 

potential and was fitted to the repulsive part of the 

Lennard-Jones potential. It was found that the probability that a 

pair of molecules a and b originally with vibrational states a. 


and b, will, after collision, arrive at vibrational states a. and 
k ' J 

bj is 


,2fTt)l/2 

Hn^pAE 

1 [ 3 ] 

* 2 2 
[(a )VJ 


where 


and 


X X exp 


3X - 


AE c 
2kT kT 


(3.27) 


X = 


mCVq) 

2kT 


2 ' r 


4 2' 

2n IX (AEr 


* 2 2 
(a rh^kT 


1/3 


(3.28) 


AE = hv (i - J) + hv, (k - 1) 
a D 


(3.29) 


Except for numerical constants, Eqn. (3.27) is same as Eqn. (22), 

48 

given by Schwartz and Herzfeld . Here PQ(a) and PQ(t)) represent 
the geometrical or steric factors of the molecules a and b 

respectively. In the present work, they are taken as i for linear 

2 49 

and 2 nonlinear molecules, following Stretton . In Eqn. 

2 

(3.27) |U.j(a)| denotes the vibrational matrix element of 

molecule a and is given by 



(3.30) 
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where |U^j(a)|^ is the matrix element for the mode n for molecule 


49 


a and is defined for 0, 1 and 2 quantum jumps by Stretton as 



1 




(i+1) 

2r 


(iH-l)(i+2) 

16 y^ 


where, 


r = 


2 

An V 
“h~ 


(3.31) 

(3.32) 

(3.33) 

(3.34) 


Here, represents the average cartesian displacement of the 

surface atoms of the molecule for unit change of the normal 


coordinate, 

. The 

averaging is 

carried out according 

to 

the 

breathing 

sphere 

model, i.e. , 

the full displacements 

of 

the 


surface atoms are taken and the appropriate powers averaged. This 

assumes that the displacements are always normal to the surface 

and corresponds to the molecule having a favorable orientation of 

collision. This was achieved by introducing steric factors for 

2 

each vibration undergoing a change in its quantum state. is 

the average of the squares of cartesian displacements of surface 

atoms for unit change of the normal coordinate and is called the 

2 

breathing sphere parameter. The procedure to calculate using 

normal coordinate analysis is given in Appendix A. 
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B. Resonant Energy Exchange 

The vibrational transition probability under resonance 
conditions, (AE = 0), becomes 

2 

P(a,b) = p (a)P (b)|U (a)|^|U (b)|^ exp(c/kT) (3.35) 

u u ij ij 

The value of a is chosen such that it is consistent with the 
average relative translational energy X. 

III. 5 Sharma-Brau (SB) Theory 

Sharma and Brau were among the first to recognize the 

importance of long-range interactions in near-resonant V-V energy 

transfer. They developed a theory of vibrational energy transfer 

caused by long-range forces along the lines of Gray and Van 

Kranendonk’ s theory^^ of pressure broadening. Sharma and Brau, in 

their theory, considered binary collisions and adopted semi 

classical or impact parameter approximation. It was assumed that 

the time between collisions is much greater than the duration of 

collisions and any correlations between the collisions were 

ignored. The translational motion was treated classically while 

the rotational and vibrational motions were handled quantum 

mechanically. The justification for treating, translational motion 

27 

classically is discussed in detail by Sharma and Brau . The 
probability of vibrational energy transfer is calculated using 
first Born approximation which is true if (i) the kinetic energy 
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of the relative motion is much greater than the potential energy, 
(ii) the probability of vibrational energy transfer is small. 

According to first-order perturbation theory, the probability 
P that a transition occurs during a collision from the initial 
vibration-rotation state |i> = jn^ jjmj^n 2 J 2 in 2 > to the final state 
<f| = <n' j'm'n^j 2 "' 2 l given by 


P 


'+00 . 

e^“’^<f |V(t) |i>dt 

—CO 


2 


(3.36) 


where subscripts 1 and 2 denote molecules 1 and 2 respectively and 
V(t) is the intermolecular potential which is a function of time. 
In the present work molecule 1 is and molecule 2 is CF 2 CI 2 , 
(CD 2 ) 2 C 0 and C^H^S, n^^, and m^ represent the vibrational, 
rotational and magnetic quantum numbers, respectively for 
molecule i. 


hw = E(n',j') 


E(n',j') 


E(nj, Jj) 


E(n2.j2) 


(3.37) 


where E(n^, j^) is the vibration-rotation energy of molecule i. hw 
represents the energy transferred to translation that is the net 
change in vibrational energy during the collision. Neglecting any 
magnetic interaction, V may be written as 


V(t) 


Z 6 © _ 

a p 


a,p 


(3.38) 
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where e ( or e^) is the charge on particle (electron or nucleus) 

a p 

a(or p) in the molecule 1 (or 2), r ^ is the distance between the 
particles a and p and the sum is taken over all combinations of a 
and Since the long-range forces extend to larger distances than 
the charge distribution, V(t) may be expressed in terms of the 
multipole expansion for axially symmetric non-overlapping charge 
distributions 


V(t) = An 




^1 ^2 


where , 


(3.39) 


™ - tj. * tj. 


, -(^l * 


and Q^^^is the -6.^^ multiple moment of molecule i defined by 
i 


(i) r £ ^ ^ 

Qn = ) e r P,(Q ,Q . ) 
£^ L a a I OL 1 

a 


(3.40) 


e fR) = (-1) 

C2£j+2£2+1) 


AniZl^+Zl^+l) 


{Zl^+l)\{Zl^+\)\ 


1/2 




(3.41) 


R 


where r = r fl is the radius vector from the center-of-mass (CM) 
a a 

of molecule i to particle a, 12^ denotes the orientation of the 
internuclear axis of molecule i, and R = RQ is the vector from the 
CM of molecule 1 to CM of molecule 2. The function T» (£2 ,£2 ) 

UTi 
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is defined by the expression 


'im 


'T—' A, flT-o 

1 2 

m^mz 


(3.42) 


where Clt^tzt-'.fn^/riz) is a Clebsch-Gordon coefficient, the axis of 
quantization being along fi. 

Having specified the potential VCR), it is necessary to know 
the trajectory R(t) during the collision to evaluate P. It was 
assumed that for the values of impact parameter b^d, where d is 
the hard sphere collision diameter, the relative translational 
motion continues in a straight line. This assumption implies that 
the energy transferred to or from the internal degrees of freedom 
be much less than the energy of relative translational motion. 

The probability of energy transfer caused by the interaction 
of multipole of molecule 1 with the ^2^^ multipole of 
molecule 2 can be obtained by integrating Eqn. (3.36) over the 
trajectory, averaging over the initial magnetic quantum numbers 
and summing over the final ones following Gray and Van 
Kranendonk^^ and is given below 


4(2£) ! 

" ( 2 ^ 1 + 1 )! ( 2 ^ 2 + 1 )! 




*.2 2 , 2 £ 

h V b 




(3.43) 
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where 


b = impact parameter 
d = hard sphere collision diameter 


£ = + ^2 

V = the relative velocity of the colliding molecules 
T = ~ is approximately the duration of a collision 
C(j£j';00) = Clebsch-Gordon coefficient 
<n' |Q^^^|n> = matrix element of the multipole moment (for 
molecule i) between the initial vibrational 
state n and the final vibrational state n' and 


G^(w,t) = 


+£ , .21 ^ 2 , . 

(UTJ K (wt) 

M 

(£-m)! 


I 


(3.44) 


H=-t 


where K is the modified Bessel function of order u. 

The total probability of energy transfer is obtained by 
summing over 


p(b«i) = ^ 


(bid) 


£ £ 




D^b ^G^(wb/v) 


(3.45) 


£ £ 
^1^2 


where 


^ h^(2£,+l)! (2£^+l)! ^ ^ ^ ^2 




(3.46) 
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Sharma and Brau gave the following expression for b = 0 


P(b=0) = ^ ^ (b=0) = ^ D^d 


(oxi/v) 


(3.473 


I I 


where 


J^(x) = 


cos(xs) 


0 (1+s) 


-(£+ 1 ) 


I I 
^ 1^2 


ds 


(3.48) 


For values of impact parameter between 0 and d, they used the 
following parabolic interpolation formula 


P ,(0<b<d) = P. (0) 

^r2 ^r2 




(d) - P 


I I 



P(0<b<d) = ^ ^(0<b<d) 


(3.49) 


= P(b=0) 




P(b=0) 


(3.50) 


The above expressions for P are averaged over velocities and 
then impact parameter to obtain the transition probability <P>. 
The averaging over the velocities is done using the 
Maxwell -Boltzmann distribution as follows 
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where M is the reduced mass of the colliding pair. To facilitate 
the integration over velocities in closed form, the functions 
G^Cx) and were least-^square fitted to the following forms 


G^(x) = e ^^^A^+B^x+C^x^+D^x^+E^x^j (3.52) 

and 

J^(x) = e ^a^+b^x+c^x^+d^x^j (3.53) 


The constants in Eqns. (3.52) and (3.53) for various values of I 
27 

were tabulated . Using Eqn. (3.52), Eqn. (3.45) can be written 


as 


<P^ ^ (bid)>^ = D^b ^G^(ub/v)>^ 


„ 2 _, ,-2l 
= 2a D^b 


00 2 
ve“^^^''|A^+B^(wb/v)+C^(wb/v)^+D^(ub/v)^+ dv 

(3.54) 


M 

where a = P = ‘^b. 

The details of evaluation of the integrals in Eqn. (3.54) are 


described in Appendix B and the final result is given by 
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<P^ ^ (bid)>^= 2 aD^b ^ ( 2 x)+B^xfQ( 2 x)+C^x f_^( 2 x) 


+ D^x\_2(2x)+E^x^f_3(2x) 


] 


2aD^b ^^I^Cb.w.T) 


(3.55) 


where x = o)\>fa. Here f (x) is the integral 

n 


fn(x) = ^exp[-[gj+u2juV 


(3.56) 


A rapidly converging expression for fj(x) is given by' 
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2fj(x) = ^ 

k =0 


(3.57) 


where aj^ and bj^ are constants. For large values of x, the 
asymptotic expression given below is used 


fn(x) 


ir ^-n/2 n/2 -V 
33 V e 




a. a 


+ -^ + . . .j (3.58) 


JS 


For the evaluation of fj(x) by polynomial 


f 

where V = 3 | 

approximation the constants aj^ and bj^ up to k = 20 were used and 
in the asymptotic approximation and bj^ up to k = 10 were used 
in the present work. For values of x less than 3 the polynomial 
approximation was used and for x greater than 3 the asymptotic 
approximation was used for the evaluation of fj^(x). The relations 
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for obtaining the various constants a^^ and are also given in 
Appendix B. 

Substituting Eqn. (3.53) into Eqn. (3.47) and averaging over 
the velocities yielded a similar expression 

= 2aD^d~^^|a^f ^ (x/2)+b^xfQ(x/2)+c^x^f _^ (x/2)+d^x^f_2(x/2)j 
-21 

= 2aD^d ^^1^(0, w.T) (3.59) 

where x = oxl-fa. 

The function I^(b,Ct),T) is the Fourier transform of the 
interaction potential and its value drops off rapidly for values 
of x>l. As will be seen later in this section, the probability of 
the energy transfer is directly proportional to the functions 
I^(b,(j,T) and 1^(0, a),T), Hence the strength of these Fourier 

transforms will give an indication of the magnitude of the 
probability. A plot of I^(b,Ct),T) and 1^(0, c*),!) is shown in Fig, 
3.1 as a function of absolute value of energy transferred from 
internal degrees of freedom to translation in a CO^-CF^Cl^ 
collision at b = 4.58 A and T = 323 K. In this system 
dipole-dipole interaction is the dominant interaction. Therefore, 
It can be observed that the value l 2 (b,w,T) remains 
constant up to 7 cm ^ (this value of v corresponds to x = 1) 

after which it falls off rapidly. 12 ( 0 , 0 ), T) is seen to fall off 
less rapidly than l 2 ^(b,o),T) which means that at higher values of 
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Fig. 3.1 Plot of I 2 (b,co,T) and I 2 (0,(d, T) 
versus v 
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V, the contribution from b=0 collisions is greater compared with 


b=d collisions. 

This 

is 

true 

not only 

for dipole-dipole 

interaction but 

also 

for 

other 

multipole 

interactions like 

d ipo 1 e-quadr upo 1 e 

etc. 

and is 

not particular to 

the present system 


of CO^-CF^Cl^ only. 

The averaging of the probability over the impact parameter b 
is performed by 


«P. » > >1. = 

¥z '' ^ 


= 2ir 
J I 


I ^v 


b db 


Tid 


= (- 


rfd 

<P > b db + 

Ljo ^rz 


<P, . > b db (3.60) 

d ^rz ^ J 


Using the interpolation formula given by Eqn, (3.49) for 
evaluating the integral in the above equation in the range 0<b<d, 
we get 


«^l i >v>b^ 


'd 2 


+ 


<P, . (b>d)> b db 

d ^rz 


(3.61) 


= if 

21 


<p^ ^ (0)> 

^rz 




(3.6Z) 


In obtaining Eqn. (3.6Z) the assumption made by Sharma and 
Brau was that I^(b,w,T) is independent of b and they used the 
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equality I^(b, w,T)=I^(d,w,T) for b>d. This assumption was later 

53 

shown to be unsatisfactory by Tam . Tam’s procedure did not 
require this assumption and is described in the next section. 

For the specific case of dipole-dipole interaction, denoting 
the probability by P, Eqn. (3.62) becomes 


«P>„>b = 5[<P(0)>„ t 3<p(d)>J 


(3.63) 


Using Eqns. (3.55) and (3.59) and rearranging Eqn. (3.63), we get 




(3.64) 


Since the experiments are performed when the rotational 
motion of the gas is in equilibrium, Eqn. (3.63) should be 
weighted over initial rotational states by Maxwell -Boltzmann 
distribution as given below 


«f>v>b 




12 


12 


I ^-iJJ Ji J 


(2) 

2 


v) 1 » v) 1 




(3.65) 


where is the probability that the molecule i is in the 
rotational level j. The allowed transitions for and in case 
of dipole-dipole interaction are given by the optical selection 
rule Ajj, Aj^ = ±1- 
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III. 6 Tam’s Modification to the SB Theory (SB-Tam theory) 

The assumption made by Sharma and Brau that I^(b,u,T) is 

53 

independent of b for b>d was shown to be unsatisfactory by Tam 
by comparing the values of I^(b,a),T) for two different values of 
b. It was shown that I^(b,C4>,T) decreases with increasing value of 
b for a given T and u. This is to be expected since is a 
function of the product wb and increasing the values of either of 
the two parameters will have the same effect of reducing the value 
of I^. Thus the theory of SB overestimates the probabilities when 
£i)5t0. In Tam’s procedure^^, the integration over impact parameter b 
preceded the integration over velocity v. This reversal of the 
order of integration, did not give an analytical expression for 
the probability but required numerical evaluation of an integral. 
This procedure gave a better estimate of the probability and the 
details are given below. 

The integration over the impact parameter is done as follows 


P 


<Pn p (b)>, = 271 




b db 


(3.66) 


Here also the parabolic interpolation given by Eqn. (3.49), for 
the range 0<b<d, was used which results in 




'^r 

ov Vz d 1 


, (b=d)-P. „ (b=0)|}-b db 
^2 12 


-)> 




(3.67) 
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Using the expression given in Eqn. (3.45), the Eqn. (3.49) 
results in 


<Pf f (b)> 




+2D^d^v ( wd/v ) (3.68) 


where F^(wd/v) = 


foo G^(wb/v) 


d b 


21-1 


db 


(3.69) 


Replacing G^(ub/v) by the polynomial expression given by Eqn. 
(3.52) this becomes 


F^(c<xl/v) = 


“,-2ub/vr 

d 


( cdb/v ) ^+E^ ( wb/v ) ^1 


e ^ ^ ^ ) +D-. ( “b/v ) +E, ( wb/v ) 


(3.70) 


Evaluation of the integrals in Eqn. (3.70) is given in 
Appendix C for the case of dipole-dipole interaction (-£^=1, 1^=1). 
The averaging over velocity v is done as in the previous case, 
resulting in 

«Pj , (b)>b>v = i[<P, , (0)>^.<P (d)> h2D^d-2<v-2F,(»d/v)>^ 

(3.71) 


From now onwards, only dipole-dipole interaction (£^=^2=1) 
which is of interest in the present work will be considered. Hence 
£ will be replaced by 2. 
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Using Eqns. (3.47), (3.51) and (3.53) the velocity averaged 

probability for b=0 is given by 


<P(0)> =D 


2a 


V 2 ,4 

a 


“f 

O'- 


e a 2 +b 2 (£i>d/v)+C 2 (t<Jd/v)^+d 2 (wd/v)^ 


]V-} 


dv 


(3.72) 

The evaluation of such integrals has already been done in 
Appendix B and the final result is 


<P(0)>^ = 2aD2d '^l2(0,w.T) 


(3.73) 


Proceeding along the similar line for b=d, we get 


<P(d)>^ = 2a D 2 d ^l 2 (d.w.T) 


(3.74) 


-2 

For the evaluation of <v F 2 (c<>d/v)>^, the expression given 
for F^icod/v) in Appendix C was used and the integration over v 
results in 


<v ^F 2 (wd/v)>^ = ^ 
d 




( 2x ) + (B 2 -A 2 ) xf Q ( 2x ) ( 2 D 2 +E 2 3 x^f _ j 


+iE 2 X^f _2 ( 2 x ) + ( 2 A2-2B2+C2 ) x^ 


“ 1 - ^ 1 

-E. (2a>d/v)e dv 

0 ^ -I 


(2x) 


(3.75) 


where x = c<)d'ra and 


Ej(2ud/v) = 


1 -y , 
-e dy 

y 


2ti)d/v 


is the exponential integral. 



49 


In Eqn. (3.75) the integration over v, * involving the 

exponential integral has to be evaluated numerically. Gaussian 

quadrature technique with 24 gauss-points was used in the present 

work to evaluate the integral and the polynomial and rational 

54 

approximation given by Abramowitz and Stegun was used for 
E^(2cc>d/v). When the upper limit of the integration was increased 
beyond 7.3, there was no further increase in the value of the 
integral. The probability of energy transfer is given by 


«P<»»b>v 


’2a 

+1 

■2a D2l2(d.£0.T)‘ 

J 

2 

L d" J 


+ (aD /d^) <v ^F^(a>d/v)> 

2 2 V a 


(3.76) 


Comparing Eqn. (3.76) with Eqn. (3.64), it can be seen that 

the first two terms are the same and the difference exists in the 

4 

last term where the coefficient of (aD^/d ) is different. The 

-1 2 -2 

values of 2l2(d,(j,T) and 2a s <d are plotted in Fig. 

3.2 as a function of v. 

It can be seen from Fig. 3.2 that both the expressions give 

the same value when v is very small (i^5cm ^) which can be expected 

because l 2 (b,a),T) can be assumed to be independent of b only in a 

small region around r=0. In the same plot the dependence of 

l2(0,ci>,T) on V is also shown. It can be seen that at large values 

of V, the contribution of head-on collisions (zero impact 

parameter) is an order of magnitude greater than either l 2 (d,a),T) 
“1 2 -2 

or a d <v F 2 (ct)d/v)>^. At large values of u, both SB theory and 
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Fig. 3.2 Plot of l2(0,C0,T), 2l2(d,a),T) 

and 2 oc"^ d“^ <v"^F 2 (cud/ v)>y versus V 
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Tam*s modified theory will give identical values for the 
probability since only the first term of Eqns. (3.64) and (3.76) 
make a contribution. 

In order to obtain the probability that can be compared with 
the experimental results, Eqn. (3.76) has to be averaged over 
initial rotational states using Maxwell -Boltzmann distribution as 
was done in the case of SB theory i.e. 


«P> > 
b 


V " I L in ? }% 7 ) 


Jj.Jl J2>J2 


+ (cdD2/cl^)|^<v ^F^Co>d/v)y 


— n . n . 

^ J Jl J 


( 2 ) 

2 


(3.77) 


As before, is the probability that the molecule i is in 

the rotational level j. The selection rule for j is Aj=±l for 
dipole-dipole interaction. The relation for the calculation of 
are given by 


n . = — : 

J CO +J 


1 

J=0 K=-j 


BJ(j+l) 


he 

kT 


(for diatomic and linear 
polyatomic molecules) 


n 


JK 


and 


„ -[Bj(J+l) + (A-B)K^] 

fjK® 


CO +j 

I I 


j=0 K =-j 


g-[Bj(j+l) + (A-B)K^]^ 

®JK 


(for symmetric and 
prolate symmetric top 
molecules) 


J. 


^ i f.. K, •' 
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(for oblate symmetric 

“ +J 2 he 

I Z gj^-IBJ(J*l)+(C-B)K „olec^les) 

J=0 K — J 


“1 ® 

where A, B are the rotational constants in cm . For 00^(00 1) 
level, since the even rotational levels are absent (gj=0 for even 
J) only odd rotational levels are considered (gj=2J+l for odd j) 
in the calculation. For the symmetric top, prolate symmetric top 


and oblate symmetric top molecules the g.^=(2j+l). The sums over 
the rotational states according to Eqn. (3.78) were evaluated on 


Convex C~220 minisuper computer. The results of the calculation 


for CO^-CF^Cl^, CO^-C^H^S and C 02 (CD^) 2 C 0 are presented in 
Chapters IV, V and VI respectively. 



CHAPTER IV 

EXPERIMENTAL RESULTS AND DISCUSSION : CO2-CF2CI2 SYSTEM 


IV, 1 General Remarks 

The deactivation rates of CO^COO**!) in mixtures of CO^-CF^Cl^ 
have been measured in the temperature range 323-463 K. The rates 
were measured at four different temperatures viz. 323 K, 363 K, 
413 K and 463 K, for four different compositions of CO^ and CF^Cl^ 
mixtures. The compositions (by volume) studied were 3.0%, 7.7%, 
10.1% and 13.9% CF^Cl^. The mixture compositions were estimated 
from the partial pressures of CO^ and CF^Cl^. The measurement of 
partial pressures of the gases were performed with the help of a 
silicone oil and a mercury manometer. The uncertainty in the 
measurement of partial pressure was 0.16 Torr when silicone oil 
manometer was used, whereas it was 2 Torr for mercury manometer. 
The uncertainty in the composition was estimated in terms of the 
uncertainties in pressure measurements. The experiments were 
carried out on lean mixtures of CF^Cl^ to ensure that the measured 
relaxation times were at least four to five times greater than the 
time constant of the detector and associated electronics. Hence 
the maximum percentage of CF^Cl^ in the mixture was limited to 
13.9%. The collisional deactivation rate of CO^COO 1) due to 



54 


collisions with alone was obtained by extrapolating the 

measured rate to 100%' CF^Cl^- 

The experimental probabilities for the deactivation of 
00^(00 1) were foxind to be almost temperature independent in the 
range 323 K to 463 K. The energy transfer probabilities were 
calculated using SSH-^Tanczos theory as well as SB-Tam theory. The 
SSH-Tanczos theory -could not explain the magnitude or the 
temperature dependence of the energy transfer probabilities. 
However the SB-Tam theory successfully explained both the 
magnitude and the -temperature dependence of the experimental 
probabilities. The ^ experimental results and analysis are 
presented below in detail. 

IV. 2 Experimental Results 
Pure CO^ : 

Experiments were performed in pure CO^ to observe 

deactivation rate of 00^(00 1) level in collisions with CO^ at all 

the four temperatures, viz. 323 K, 363 K, 413 K and 463 K. The 

data are presented in Table 4.1 and are found to be in good 

28,30-32 

agreement with the literature values 
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Table 4.1 


Experimental Values of (Px) ^ for Pure CO^ 
Different Temperatures. 


T (K) 

(Pt) ^ (Torr ^ms 

323 

0.32±0.05 

363 

0.40±0.04 

413 

0.50±0.05 

463 

0.54±0.05 


at 




The fluorescence from CO^COo""!) level in this system 

exhibited a single exponential decay with a time constant t for 

all the compositions of the mixtures studied. A typical 

fluorescence signal for a 10.1% CF^Cl^ mixture at 4.00 Torr and 

413 K is shown in Fig. 4.1. A semilogarithmic plot of the 

intensity as a function of time was found to be a straight line 

and is shown in Fig. 4.2. A least squares fit of the intensity to 

the relation I = I^expC-t/x) yielded x ^ = (31.25±3.47) ms 

The experiments were conducted at various pressures in the 

-1 

range 4-18 Torr and at each pressure the value of x was 

obtained. Since the deactivation rate due to radiation, (x , 

rad 

o 55 

of C0^(00 1) is reported to be 0.4 ms and the measured values 
-1 

of T are in the range 11-180 ms , (t can be neglected in 

comparison to x It can be seen from Eqn. (2.1) that as long as 

the radiative and diffusional contributions to the deactivation 

-1 

rate are negligible, the observed x represents only the 
collisional deactivation rate of CO^COo'D. In the pressure range 
where binary collisions are dominant, the collisional deactivation 
rate is proportional to the pressure P. Fig. 4.3 shows a plot of 
x"^ vs P for 10.1% of CF 2 CI 2 at 413 K. The linearity of the plot 
throughout the pressure range indicates that the diffusion effects 
to deplete the molecules in C0^(00 1) are negligible even at the 
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Fig. 4.2 Semi logarithmic plot of fluorescence intensity vs time 




I orr 


: T = 413 K 

200- 89.9% CO 2 + 10.1% CF 2 CI 2 Mixture 

: (Pt)~^ = (6.76 + 0.31) Torr'^ms" 

150- 



Fig. 4.3 Plot of vs pressure. 


60 


lowest pressure studied. The experimental data of versus P 

were fitted to a straight line by a least squares technique, 

developed by Reed^^, which takes into account the errors in both 

-1 -1 -1 

the parameters. This gave (Pt) = (6.76+0.31) Torr ms , where 
the error corresponds to the standard deviation. The experiments 
were performed at four different temperatures and the results are 
presented in Table 4.2. 

In a mixture of CO^ and CF^Cl^ the deactivation of CO^COO 1) 

can occur through collisions between CO^ and CO^ as well as 

through collisions between CO^ and CF^Cl^. As the concentration 

of CF^Cl^ in the mixture increases, the collisions between CO^ and 
2 2 

o 

CF Cl^ increase. Thus the deactivation rate of CO (00 1) 
2 2 

increases with increasing CF^Cl^ concentration if CF 2 CI 2 is more 
efficient than CO 2 in deactivating C02(00°l) and vice versa. To 
observe the effect of composition on the deactivation rate of 
CO^COO'l), the relaxation times were measured for four different 
mixtures of CO 2 and CF 2 CI 2 . The measured relaxation times at 
different temperatures and pressures for 3.0%, 7.7% and 13.9% 

CF 2 CI 2 mixtures are presented in Tables 4.3, 4.4 and 4.5, 

respectively. 
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Table 4.2 Experimental Values of r~^ versus P at Different 
Temperatures for lO.lJi CF 2 CI 2 mixture 


T = 323 K 


T = 363 K 


T = 413 K 


T = 463 K 



p 

(Torr) 

(ms ) 

P 

(Torr) 

(ms 

P 

(Torr) 

^-1 

(ms 

P 

(Torr) 

(L-i 

4.40 

35.71 

4.32 

40.98 

4.00 

31.25 

4.48 

31.25 

5.04 

50.00 

4.80 

53.19 

6.00 

44.64 

5.92 

39.06 

6. 16 

54.95 

6.64 

54.95 

6.88 

50.51 

6.88 

48.54 

6.72 

62.50 

6.80 

59.52 

7.60 

58.14 

7.60 

55.56 

7.68 

69.44 

7.92 

64. 10 

9.20 

68.97 

10.08 

64.94 

8.40 

64.94 

9.12 

80.00 

10.40 

79.37 

10.40 

66.67 

10.08 

81.30 

9.92 

73.53 

12.16 

88.50 

11.68 

67.57 

10.80 

67.57 

11.36 

79.37 

14.48 

113.60 

13.04 

92.59 

12.96 

89.29 

11.76 

89.29 

15.36 

100.00 

14.88 

94.34 

12.96 

100.00 

12.08 

106.40 

18.00 

119.00 

16.32 

102.00 

15.52 

172.40 







17.28 

135.10 








(Pt) 

{7.02±0.91) 

-1 -1 
Torr ms 



= (6.0210.35) 

-1 -1 
Torr ms 
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Table 4,3 Experimental Values of x~^ versus P at Different 
Temperatures for 3.0% CF^Cl^ mixture 









Table 4.4 Experimental Values of x versus P at Different 
Temperatures for 7.7% CF.^C1„ mixtxire 


323 K 


(Torr) (ms ) (Torn) | (ms '‘)| (Torr) I (ms ■‘)| (Torr) | (ms *) 


p 

(Torr) 

(ms 

4.40 

28.09 

5.28 

35.21 

6.72 

37.31 

8.48 

64.10 

9.20 

56.82 

11.04 

64.10 

12. 16 

67.57 

12.96 

65.79 

15.04 

86.21 

16.08 

90.91 


-r -1 "1 

Torr ms 


(5.00±0.40) 

-1 

Torr ms 

= (4.23±0.32) 

n- -1 

Torr ms 




^ -1 -1 
Torr ms 
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Table 4.5 Experimental Values of x ^ versus P at Different 


Temperatures for 13.934 CF^Cl^ mixture 


T = 323 K 

T = 363 K 

T = 413 K 

T = 463 K 

P 

(Torn) 

^-1 

(ms 

P 

(Torr) 

^-1 
(ms ^) 

P 

(Torr) 

^-1 
(ms ^) 

P 

(Torr) 

^-1 
(ms ^) 

4.08 

43.86 

3.92 

37.88 

4.48 

51.55 

4.32 

50.00 

5.60 

69.44 

4.88 

53.76 

6.24 

56.82 

5.04 

54.35 

6.64 

69.93 

6.88 

65.79 

6.32 

67.57 

6.16 

58.48 

7.04 

79.37 

8.24 

84.75 

7.92 

75. 19 

8.24 

94.34 

7.84 

96.15 

9.60 

94.34 

9.92 

119.00 

9.12 

92.59 

9.44 

94.34 

11.20 

114.90 

11.04 

120.50 

11.60 

117.60 

10.24 

108.70 

13.04 

112.40 

13.60 

135.10 

13.36 

137.00 

11.20 

126.60 

14.48 

138.9b 

13.76 

126.60 

13.76 

133.30 

12.96 

147.10 

15.76 

172.40 

15.44 

181.80 

15.84 

181.80 

14.88 

156.30 

17.44 

151.50 

15.60 

147.10 

16.96 

158.70 

(Pt)' 

-1 

(Pt)' 

-1 

(Pt)' 

-1 

(Pt) 

-1 

= (10.71t0.66) 

= (9.25±0.55) 

= (9.86±0.90) 

= (9.70±0.58) 

Torr 

-1 -1 
ms 

Torr 

-1 -1 
ms 

Torr 

-1 -1 
ms 

Torr 

-1 -i 
ms 
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Figs 4.4a, 4.4b, 4.4c, and 4.4d show the dependence of (Px 
on the mole fraction of CF^Cl^, , at various temperatures. 

The linearity of the plots suggest that the deactivation rate of 
the mixture can be expressed as 


or 


(Pt) 


k 




where represents the rate constant for the deactivation 

COz CUz 

of C0z(00°l) in collisions with CO^ molecules only, and 
k represents the rate constant for the deactivation of 


CO 


iz in collisions with CF^Cl^ only. In principle the rate 

constant k„- „ r-i can then be obtained by extrapolating the 

CO2-CF2CI2 

(Pt)”^ values to X„_ f., = 1- A least squares analysis of (Px) 
vs X data taking into account errors in both the parameters 

was performed to obtain the values of ^COz'CFzClz 
temperatures studied and the data are presented in Table 4.6. The 
rate constants. *'cOz-CFzClz ’ converted into 

probabilities through the relation (2.8) and the results are 
presented in Table 4.7. 







Table 


4.6 Dependence of (Px) on Composition at Different 


Temperatures. 



(Pt) ^ (Torr ^ms 

T = 323 K 

T = 363 K 

T = 413 K 

T = 463 K 

0 

0.32 

0.40 

0.50 

0.54 

0.030 

1.80 

1.87 

1.84 

1.38 

0.077 

5. 19 

5.00 

4.23 

4.24 

0. 101 

7.02 

6.18 

6.76 

6.02 

0. 139 

10.71 

9.25 

9.86 

9.70 


Table 4-7 Rate Constants and Probabilities for Energy Transfer 
From C02(00°l) to CF 2 CI 2 


T (K) 

~~ (Torr ^ms 

‘‘CD^-CF^CI, 

3 

Probability (xlO ) 

323 

67.71±5.07 

5.8710.44 

363 

60.42+2.75 

5.5610.25 

413 

58.25±4.81 

5.7110.47 

/lAT 

55.21±7.04 

5.7310.73 
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These experimental probabilities are used to identify the 
energy transfer processes in CO^-CF^Cl^ mixtures. The broad 
guidelines for selection of deactivation processes are given 
below. 

IY.3 Criteria for Selection of Processes 

If the collision partner is a monatomic gas like He 
which does not have any internal degrees of freedom, the 
deactivation rate of CO^ (00°!) can be easily attributed to the 
vibrational - translational (V-T) energy transfer rate. If it is 
a diatomic molecule with only one vibrational degree of freedom, 
the energy transfer rate can be easily identified as either 
vibration to translation (V-T) rate or vibration to vibration 
(V-V) rate depending upon the magnitude of the energy transfer 
probability. However, if the collision is • with a polyatomic 
molecule having a large number of vibrational modes (3N-5 for 
linear or 3N-6 for nonlinear molecules), several V-V processes are 
likely to occur and hence it is difficult to identify the exact 
vibrational levels to which the energy is transferred from CO^ 
(00*1). This problem is usually compounded by the presence of 
overtones, combination and difference bands. The experimentally 
observed rate is the net result of the various competing 
processes. In general the following criteria can be adopted in 
selecting the energy transfer probabilities which are likely to be 
responsible for the deactivation of CO^ (00 1). 
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Ci) Energy Defect 

Usually, the relaxation processes with V-V energy 

exchange are more efficient than V-T energy exchange, since much 

of the energy is received by the vibrational modes of the 

collision partner. The probability of energy transfer is maximum 

if the amount of energy which goes into the translation is very 

small. This can be seen from Fig. 3.1 where the Fourier transform 

of the interaction potential is plotted as a function of the 

amount of energy that goes into translation for CO^-CF^Cl^ system 

-1 

at 323 K. The value of I^Cb.w.T) is constant upto i; == 7 cm and 
later on decreases with increase in v. The value falls by an 
order of magnitude when v =‘ 30 cm"^ and three orders of magnitude 
when u “ 70 cm~^. Thus the probability is small for the processes 
where the amount of energy goes into the translation is large and 
hence the processes with large AE can be neglected. 

(il) Magnitude of the Transition Dipole Moments 

The probability of energy transfer between two molecules 
is directly proportional to the product of the squares of the 
transition dipole moments of the molecules. Therefore the 
transition having small transition dipole moments can be 

neglected. 


(Hi) Energy Level Population 

since the number of molecules In the excited vibrational 

leveln Is usually small, it Is enough to consider ground state 
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molecules of the collision partner for the deactivation of 
CO^COO”!). 

(iv) Quantum Number Changes 

The probability of a transition for the ground state to 
the fundamental is orders of magnitude greater than that of a 
transition from the ground state to overtone level where the 
quantum number change is greater than one. Therefore processes 
involving fundamentals should be preferred to those involving 
overtones when the energy defect is almost equal in both the 
cases. 


IV. 4 Interpretation of Experimental Results 

A partial energy level diagram of CO2 and CF^Cl^ molecules is 
shown in Fig 4.5. CO^ is a linear symmetric molecule with four 

o 

vibrational modes out of which the symmetric stretch mode (10 0) 
is IE inactive. The doubly degenerate bending mode (01 0) and the 
asymmetric stretch mode (00 1) have strong IR absorption bands. 

The CFoCU molecule has nine fundamental modes of vibration out of 

Z 2 

—1 

which eight are reported to be IR active and v^OlS cm ) is 
reported to be IR inactive^'^’^®. It can be seen from Fig. 4.5 
that there is only one energy level 2rg(2325 cm close to the 

C0„(00'l) level (2349 cm“b. There are three fundamental levels 

2 

UjdlOl cm"b. v^(92Z cm'b and Wg(1159 cm ) and two combination 
bands b3*b,(1101 c.-') and ^^.,(882 cm'b close to either 961 



2Vg[in] 


( 10 * 0 ) 

( 02 * 0 ) 











'Ugfvs] 



^ X ^ 

I's+^g [VW] 

i^3[s3 



v.[w3 

-f 

"Vw3 




Fig. 4.5 Partial energy level diagram for CF^Cl^ and CO, 
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cm'^ or 1064 cm ^ corresponding to (0o‘l-10°0) or (00”l-02'o) 
transition in CO^. 

IV. 4.1 Interpretation based on SSH-Tanczos Theory 

In view of the criteria and discussion presented in Sections 

IV. 3 and IV. 4, the possible energy transfer pathways for the 

deactivation of C0„(00°l) in collisions with CF Cl are 

^ 2 2 

Pathway I 

CO^IOO”!) + CF^Cl^CO) > CO^IO) + CF2Cl2(2rg) + 24 cm~^ 

(4.1) 

CF^Cl^CZWg) + CF2Cl2(0) > CF^Cl^CVg) + CF^Cl^CVg) + 7 cm"^ 

(4.2) 

CF2Cl2(Wg) -f M ^ CF2Cl2(rg+r^) + M + 58 cm~^ 

(4.3) 

CF2Cl2( 1^3+1'^) + CF2Cl2(0) > CF2Cl2(v3) + CF2Cl2(i'4) -21 cm"^ 

(4.4) 

where M can be either CF2Cl2(0) or 00^(0). 

The vibrational relaxation times in pure CF^Cl^ have been 

59 

reported to be approximately 5 ps at 1 Torr which corresponds to 
200 Torr'^ms’^. This value is much larger than the experimentally 
measured deactivation rate of 002(00 1) by CF2CI2 which is in the 
range 55.21 Torr'^ms*'^ to 67.7 Torr'^ms ^ This shows that the 
rate of equilibration of the vibrational levels in CF2CI2 is much 
faster than the rate at which the energy flows from 002(00 1) to 

CF-CU. In view of this observation it appears to be reasonable 

2 2 
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to assume that the processes (4.2) to (4.4) are in equilibrium. 
In view of the close energy levels between (455 cm”^) and 
ground state in CF^Cl^, there is no possibility for the build-up 
of population in the level v^. Thus the rate determining step 
will be the process (4.1) only. 

Pathway II 

C0^(00°l) + CF^Cl^CO) 

C0^_{00°l) + CF.,C1^_(0) 

The subsequent deactivation of CF^ClgCeg) will be similar to that 
of pathway I. Therefore in this scheme, the rate determining step 
will be pr ocesses (4.5). 

Pathway III 

+ CF^Cl^tO) C02(10°0) + CF2Cl2(>^l) 

C02{00‘’l) + C:F2C12(0) '—i C02(02 0) + CF2Cl2(Vi) 

- M ---> CF2Cl2(V*^4) + M ^ 0 cm"^ 

CF2Cl2(‘^3+«^^)+ CF2Cl2iO) -~4 


- 140 cm 

(4.6a) 

- 37 cm ^ 

(4.6b) 

(4.7) 

-1 

- 21 cm 

(4.4) 


C02(10 0) + CF 2 Cl 2 (Vg) - 198 cm 


-1 


(4.5a) 


002(02 0) + CF 2 Cl 2 (Wg) - 95 cm 


(4.5b) 
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The energy from subsequently relaxed by the 

mechanism discussed under pathway I. if deactivation rate of 
CO^COO'l) is determined according to this mechanism then the rate 
determining step will be processes (4.6). 

Pathway IV 

ro,(00‘’l) + CK^Cl^tO) — » co^do’o) + CF^CI^Cw^) + 39 cm"^ 

(4.8a) 

CO (no'’l) + OF Cl (0) C0.,(02'‘o) + CF_CU(wJ + 142 cm“^ 

(4.8b) 

(:d,(:i,,(iY^) ♦ M - ■> CF2Cl2(w^+e.7) + M + 40 cm~^ 

(4.9) 

CF..c:i.,(i%*i'.,) * CT.,C1,,{0) -) CF.,Cl.,(t;J + CF„Cl_(i^„) - 10 cm"^ 

2 2 4/ 2 2 224 227 

(4.10) 

If the CO.^tOO*!) iclaxes an.-oi ding to this mechanism, the rate 
determining steps will by processes (4.8) since the subsequent 
I I < , are expected to have large energy transfer 

protiabi 1 i t i«.*s . 

in addition to the above pathways, there is still another 

0 

possibility in which the energy flows from CO^COO 1) to 
CF„Cl,JP 4W.J as given by the following pathway. 

ii m i 
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Pathway V 

CO^COO^l) + CF^Cl^CO) > CO^CIO^O) + CF^Cl^(v^+v^) + 79 cm“^ 

(4.11a) 

CO^COO"!) + CF^Cl^CO) > 03^(02° 0) + CF^Cl^Cv^+v^) +182 cm“^ 

(4. 11b) 

CF^Cl^(.v^+v^) + CF^Cl^CO) — > CF^Cl^ti'^) + CF^Cl^ti'^) - 10 cm"^ 

(4.10) 

To identify the processes responsible for the deactivation of 
CO^COO 1), the SSH-Tanczos theory has been used to theoretically 
estimate the energy transfer probabilities for the processes 
(4*1), (4.5), (4.6), (4.8) and (4.11). The molecular parameters 

used in these calculations are presented in Tables 4.8 to 4.10. 

The energy transfer probabilities have been estimated at four 
different temperatures viz 323 K, 363 K, 413 K and 463 K. The 
results are summarized in Table 4.11. Experimental probabilities 
are also given in the same table for comparison purpose. 
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Table 4.8: 


Breathing Sphere Parameters for CO^ 


Level 

Energy 

(cm ^) 

Degeneracy 

Breathing Sphere 

Parameter 

(10^0) 

1388 

1 

3.2436x10"^ 

(01*0) 

667 

^ 2 

' 8.4768x10“^ 

(00*1) 

2349 

1 

8.6376x10”^ 


t 

Data taken from ref. 60. 


Table 4.9: 


Breathing Sphere Parameters for CF^Cl 


2 


Level 

Energy 

(cm ^) 

Degeneracy 

Breathing Sphere 

Parameter 




-3 

•^1 

1101 

1 

7.478x10 

-2 

^2 

261 

1 

1.038x10 

-3 

^3 

667 

1 

5.731x10 

-3 

*^4 

455 

1 

7.101x10 

-3 

^5 

318 

1 

1.411x10 

-3 

^6 

922 

1 

4.909x10 

-3 


437 

1 

7.180x10 

-3 

*^8 

1159 

1 

2.139x10 

-3 


446 

1 

7.152x10 


* Calculated using normal coordinate analysis 
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Table 4.10: Molecular Parameters for C0„ and CF Cl 


Molecule 

L-J Potential 
Dept^le" (erg) 

Exponential Repulsion 

parameter (cm ^) 

Steric 

Factor^ 

CO2 

-14 

2.6230x10 

-14 

5.5x10^ 

1/3 

CF2CI2 

3.9483x10 


2/3 


Lennard-Jones potential depth e are cited from ref. 61. 


Steric factors are used following Stretton (ref. 49). 
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Table 4.11 Energy Transfer Probabilities obtained from 
SSH-Tanczos Theory 


Process 

AE 


Probability 


(cm 

T = 323 K 

T = 363 K 

T = 413 K 

T = 463 K 

4.1 

24 

2.024x10"® 

2. 114x10"® 

2.239x10"® 

2.373x10"® 

4.5a 

-198 

1.689x10"® 

2.285x10"® 

3. 156xl0“® 

4. 163x10"® 

4.5b 

-95 

-10 

5.050x10 

5.885x10"^® 

6.968x10"^° 

8.089x10"^® 

4.6a 

-140 

3. 139xl0"^ 

3.748x10"^ 

4.555x10“^ 

5.409x10"^ 

4.6b 

-37 

5.096x10"® 

5.464x10"® 

5.938xl0~® 

6.423x10"® 

4.8a 

39 

1.322x10"® 

1.396x10"® 

1.494x10"® 

1.598xl0"® 

4.8b 

142 

1.071x10"® 

1.248x10"® 

1.483x10"® 

1.731x10"® 

4.11a 

79 

1.961x10"® 

2.419x10"® 

2.392x10"® 

2.641x10"® 

4.11b 

182 

1.336x10“^^ 

1.616x10”^^ 

1.998x10"^^ 

2.413x10'^^ 

Experi- 

mental 

— 

5.87x10"® 

5.56x10"® 

5.71x10"® 

5.73x10"® 
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It can be observed from Table 4.11 that the calculated 
probabilities for processes (4.1) and (4.8a) are 3 to 5 orders of 
magnitude less than the experimental values. However they appear 
to be almost temperature independent. The probabilities for the 
processes (4.5a), (4.5b), (4.6a), (4.6b), (4.8b), (4.11a) and 

(4.11b) are 4 to 8 orders of magnitude lower than the experimental 
values and they are showing positive temperature dependence. 
Since the experimentally observed probabilities are almost 
temperature independent, the processes (4.5a), (4.5b), (4.6a), 

(4.6b), (4.8b), (4.11a) and (4.11b) may not be responsible for the 
deactivation of 00^(00 1). Though the temperature dependence of 
the probabilities for processes (4.1) and (4.8a) are almost 
temperature independent, the large discrepancy between the 
magnitude of the experimental and the theoretical probabilities 
predicted by SSH-Tanczos theory indicate that the short range 
forces may not be responsible for the deactivation of ^^(OO”!) in 
collisions with CF^Cl^. 

The importance of long range interactions in molecular energy 
transfer was brought out by Sharma and Brau (SB) and they 
successfully predicted energy transfer probabilities in the 
mixtures of many other systems, where they used 

multipole interactions. Since the short range interactions were 
unable to explain the energy transfer probabilities in CO^-CF^Cl^ 
system, the theoretical calculations have been performed by 
adopting the Tam’s modification of SB theory (SB-Tam theory). The 
analysis of the experimental results is presented in the following 


section. 
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IV. 4. 2 Interpretation Based on SB-Tam Theory 

In this section the energy transfer probabilities are 
calculated using SB~Tam theory in which the long range multipole 
interactions are assumed to be responsible for deactivating 

o 

00^(00 1) mode. The processes considered are the same as given in 
section IV. 4.1 and are listed below for convenience. 


CO^COO"!) + CF^Cl^CO) > CO^CO) + CF^Cl^iZv^) + 24 cm ^ 


CO^COO^l) + CF^CU(O) — > CO^dO^O) + CF^Cl^(i^o) - 198 cm ^ 


C4.1) 


2 2 


2 2 8 ' 


(4.5a) 


C0^(00 1) + CF..,C1^(0) > C0^(02 0) + CF^Cd(p„) - 95 cm 


2''^2 


2 2' 8^ 


(4.5b) 


CO., (00 1) + CF.,C1.,(0) — > CO., (10 0) + CF.,CU(v, ) - 140 cm 


-1 


2''"2 


2 2 1 


C0.,(00 1) + CF.,C1.,(0) — > C0.,(02 0) + CF.,Cl.,(pJ - 37 cm 


-1 


2'^^2 


2 2 ' 1 


CO., (00 1) + CF.,C1.,(0) — > CO., (02 0) + CF.,Cl.,(v,) + 39 cm 


-1 


2''^2 


2 2 ' 6 ' 


(4. 6a) 


(4.6b) 


(4.8a) 


CO., (00 1) + CF.,C1.,(0) — > CO., (02 0) + CF.,C1., (i^., ) + 142 cm 


-1 


2“"2 


2 2' 6' 


(4.8b) 


C0.,(00 1) + CF.,C1.,(0) — > C0.,(10 0) +CF.,Cl.,(v^+i^.,)+ 79 cm 


-1 


2 2 


2 2 4 7' 


C0.,(00“l) + CF.,C1.,(0) — > CO., (02 0) +CF.,C1., (i^ +i^„)+ 182 cm 


(4. 11a) 
-1 


2''"2 


2 2^ 4 7' 


(4. 11b) 

The molecular parameters used in the calculation are 


presented in Tables 4.12, 4.13 and 4.14. 
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Table 4.12 ; Rotational Constants and Hard Sphere Collision 

Diameters for CO 2 and CF^Cl^ 


Parameters 

“2 

CF^Cl^ 




0.1373 cm 


A 

— 

Rotational 



1 


B 

0.39 cm 

0.0879 cm 

Constants 

C 

— 

0.0744 ciii^ 

c 

Hard Sphere 

4.0 A 

5. 16 A 

Collision Diameter 




Rotational constant B for CO^ is taken from reference 62. 

Rotational constants for CF 2 CI 2 are quoted from reference 63. 
c 

Hard sphere diameters are cited from reference 61. 


Table 4.13 : Square of Transition Dipole Moment Matrix Elements 
for CO^ Molecule^ 



Square of Transition Dipole 

Transition 



2 2 

Moment Matrix Element (esu cm ) 

(oo'd-cooR) 

-37 

1.0 X 10 

(oo'd-Cio'o) 

-39 

1.44 X 10 

(00°l)-(02'’o) 

-39 

1.22 X 10 


^Data collected from reference 64. 
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Table 4.14 : Square of Transition Dipole Moment Matrix Elements 
for CF^Cl^ Molecule 


Transition 

Intensity^ 

2 

(cm /mole) 

Square of Transition 

Dipole Moment Matrix 

f 2 2 

Element (esu cm ) 

"i-o 

27.2 X 10^ 

1.08 X 10~^^ 

^6-0 

33.6 X 10^ 

1.34 X lO”^^ 


17.3 X 10^ 

6.90 X 10“^^ 

8 



0 

Intensity data taken from reference 58. 

^Intensity data converted into Square of Transition Dipole moment 
by the method given in ref. 65. 
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The square of the transition dipole moments of CF„Cl„(2Vo) 

iL iL O 

and CF^Cl^ are not available in the literature. Hence the 

energy transfer probabilities involving these levels were 

“37 2 2 

calculated assuming them to be equal to 1 x 10 esu cm and the 
actual values were obtained from the experimental values as 
described later in this section. The calculated probabilities for 
all the process listed above are summarized in Table 4.15. 

It can be observed from Table 4.15 that the probabilities for 
processes (4.5a), (4.5b), (4.6a), and (4.8b) are about two to four 
orders of magnitude smaller than the experimental values and hence 
they are not likely to be responsible for the deactivation of 
002 ( 00 ^ 1 ). The estimated probabilities of the process (4.11b) is 
two orders of magnitude smaller than those of process (4.11a). 
Hence the process (4.11b) can be ignored. Of the remaining 

processes, (4.1), (4.6b), (4.8a), (4.11a), the transition dipole 

moment matrix elements for the levels involved in the processes 

(4.6b) and (4.8a) are known for both the molecules but those for 

the levels 2v^ and {v ) of CF^Cl involved in the processes 

(4.1) and (4.11a) are not available. However, it is reported that 
the relative intensity of 2Wg is medium whereas that of (v^+v^) is 
strong. Assuming that all these processes are contributing to the 
deactivation of C0.,(00°1), experimental probability P can be 
written as 


P = 
exp 


^ ’’s * * ’’ll * ® 


( 4 . 12 ) 
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Table 4.15 : Calculated Energy Transfer Probabilities Using 
SB-Tam Theory. 


Process^ 

AE 


Probability 


(cm 

T = 323 K 

T = 363 K 

T = 413 K 

T = 463 K 


24 

2.723x10“^ 

2.552x10“^ 

2.332x10“^ 

2. 144x10”^ 

4.5a 

-198 

6.562x10“^ 

9.038x10"^ 

1.272x10"^ 

1.683x10”^ 

4.5b ^ 

-95 

3.734xl0~^ 

4.197x10”^ 

4.783x10'^ 

5.295x10'^ 

4.6a ^ 

-140 

1.040x10"^ 

1 . 282x10"^ 

1.611x10"^ 

1.933x10“^ 

,4.6b 

-37 

1.485xl0"^ 

1.541x10"^ 

1.612x10“^ 

-3 

1.634x10 

4.8a 

39 

2.061x10"^ 

2. 153x10“^ 

2.250x10"^ 

2.322x10"^ 

4.8b 

142 

1.071x10"^ 

1 . 322x10"^ 

1.648xl0~^ 

1.997xl0'^ 

4. 11a 

79 

1.384x10"'^ 

1.501x10"'^ 

1.640x10*'^ 

1.795x10"'^ 

4.11b 

182 

1.602xl0~^ 

2.135x10”^ 

2.884x10“^ 

3.739x10”^ 

Experi- 

mental 

— 

5.87xl0~^ 

5.56x10"^ 

5.71xl0~^ 

5.73x10'^ 


4.1 etc. denote the processes represented by Eqns. (4.1) etc. 


in the text. 
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where P^, probabilities represented by 

Processes (4.6b), (4.8a), (4.11a) and (4. 1 ), respectively ; A and B 

are positive constants with which the assumed value of the square 

-37 2 2 

of the dipole moment, viz. 1 x 10 esu cm , in calculating P^^ 
and P^ are to be multiplied respectively. A least square fit of 
the experimental data to Eqn. (4.12) gave A = 3.89±0.46 and B = 

-3 

(5. 04±0. 30)xl0 where error corresponds to standard deviation. 

Thus the square of the dipole moment matrix element obtained from 

-37 

this analysis for the levels (p +y„) and 2v are (3. 89±0. 46)xl0 

4 / o 

2 2 -'40 2 2 

esu cm and (5. 04±0. 30)xl0 esu cm , respectively. These values 

are consistent with the reported values of relative intensities 

for and 2i^g. The temperature dependence of experimental 

probability is shown in Fig. 4.6. The calculated values of the 

probability using Eqn. (4.12) and above A and B are also shown in 

the same figure as a solid curve. 






CHAPTER V 


EXPERIMENTAL RESULTS AND DISCUSSION : CO2-C4H4S SYSTEM 


V. 1 General Remarks 

The deactivation rate of 00^(00 ^^1) in collisions with 
have been studied in the temperature range 323-463 K. The rates 
were measured at four different temperatures, namely 323 K, 363 K, 
413 K and 463 K, for four compositions of CO^ and mixtures. 

The compositions studied were 5.0%, 8.0%, 11.0% and 13.9% C^H^S. 
The maximum percentage of in the mixture was limited to 

13.9% to ensure that the measured relaxation times are at least 
four to five times greater than the time constants of the detector 
and the associated electronics. The collisional deactivation rate 

o 

of 00^(00 1) was obtained by extrapolating the measured rate to 

100% C^H^S. 

4 4 

The deactivation rates were found to be large and 
decreasing with increasing temperature. This indicates that near 
resonant processes and long range forces are responsible for 
deactivation of 00^(00^1) in CO^-C^H^S mixtures. The theoretical 
calculations of the energy transfer probabilities using the SB-Tam 
theory were performed and the values were compared with the 
experimental results. As the transition dipole moment matrix 
elements of the involved transitions in are not available in 
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literature, they were estimated by matching the theoretical and 
experimental probabilities. The experimental results and analysis 
are presented below in detail. 

V.2 Experimental Results 

O 

A typical fluorescence signal at 4.3 pm from 00^(00 1) level 

in a C0^»C^H^S mixture (8.0% P = 13.04 Torr. T = 323 K) is 

2 4 4 4 4 

shown in Fig. 5.1. Fig. 5.2 shows a semilogarithmic plot of 

intensity of fluorescence signal vs time. It can be observed from 

this figure that the fluorescence signal exhibits a single 

exponential decay. A least squares fit of the intensity to the 

relation I = Ig yielded = (65.79 ± 7.31) ms”^ 

The fluorescence decay was measured at several pressures 

in the range 4-20 Torr. The dependence of x ^ on the pressure for 

a 8.0% mixture at 323 K is shown in Fig 5.3. It can be seen 

-1 

from Fig. 5.3 that the dependence of x on Pressure, P, is linear 

and a least squares analysis of the data taking into account the 

-1 

errors in the measurement of P as well as x resulted in a value 
-1 -1 -1 

of (Px) = (4.84 ± 0.21) Torr ms . The experiments were 
carried out at four different temperatures and results are 


summarized in the Table 5.1. 
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Time (^s) 

Fig. 5.1 Typical fluorescence signal. 




93 




(Torr 


T 


323 K 



Fig. 5.3 Plot of T ^ vs pressure. 



Table 5.1 : Experimental 


Different Temperatu 


T = 323 K 

T = 

363 K 

P 

WSM 

mm 


(Torr) 


(Torr) 


4.96 

22.73 

4.08 

19.84 

6.72 

32.68 

5.68 

24.88 

8.32 

41.67 

6.96 

30.03 

9.44 

44.64 

9.36 

39.68 

10.96 

57.47 

10.56 

47. 17 

13.04 

65.79 

12.48 

54.35 

14.08 

64.94 

14.24 

56.82 

16.32 

75.76 

1 15.36 

67. 11 

17.52 

84.75 

17.84 

69.44 

19.28 

96. 15 

19.92 

86.21 


=: 

(Pt)"^ 

= 

(4.84 ± 

0.21) 

(4.04 ± 

0.20) 

Torr 

1 -1 
ms 

Torr 

1 -1 
ms 


of T at Various Pressxxres and 
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In a mixture of C0„ and C H.S the deactivation of C0„(00 1) 

2 4 4 2 

can occur through collision between CO^ and as well as through 
collisions between CO^ and C^H^S. As the concentration of 
in the mixtures increases, the collisions between CO^ and 
increase. This results in increase in the deactivation rate of 
CO^COO'l) with the increase of concentration if is 

more efficient than CO^ in deactivating C 02 { 00 ° 1 ). To determine 

O 

the effect of composition on the deactivation rate of 00^(00 1 ) 
the relaxation times were measured in four different mixtures of 

CO^ and C^H^S. A summary of the measured relaxation times at 

different temperatures and pressures for 5.0%, 11.0% and 13.9% 

C 4 H 4 S mixtures are presented in Tables 5.2, 5.3 and 5.4 

respectively. 

-1 

Figures 5.4a, 5.4b, 5.4c and 5.4d show plots of (Pt) 

versus ^ (mole fraction of C.H.S) at different temperatures. 

^ 4 ^ 4 ^ 4 4 

The linearity of the plots suggest that the deactivation rate of a 
mixture can be expressed as, 

(Pt) = ^ 

or, 

^ ^CO^-CO^ ^ ^ 

where M denotes the C.H.S molecule and k„ and k„^ „ 

4 4 CO^-CO^ LU 2 ~M 

o 

represent the rate constants for the deactivation of C 02(00 1 ), in 
collisions with CO 2 molecules only and in collisions with ^ 4 ^ 4 ^ 
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Table 5.3 : Experimental Values of t ^ at Various Pressures j 
Different Temperatures for a 11.0% C^H^S Mixture 


T = 323 K 


T = 363 K 


p 

(Torr) 

1 

T 

1 (ms ^)| 

1 (Torr) 

1 "" - 
1 (ms ^)i 

f (Torr 

4.16 I 

1 

27.78 

3.84 

1 

27.78 

3.92 

6.08 

48.54 

5.28 

32.05 

5.44 

7.84 

61.73 

6.48 

43.86 

7.04 

9.68 / 

77.52 / 

8.24 / 

55.56 1 

8.64 1 


T = 413 K 

I ! 'yr 


T = 463 K 


•S4 20.83 


50.51 


10.88 84.75 10.32 70.42 10.08 64.10 10.88 54.35 

12.16 80.65 12.80 87.72 12.32 70 42 o/i . 

I 64.94 

13.76 108.70 13.68 89.29 14.40 81.97 14.24 73 53 

15.28 119.00 I 15.76 105.30 15.68 92.59 I6.40 83.33 

16.96 |l31.60 I 17.44 120.50 17.28 94.34 I 17.52 87 72 ’ 

19.84 138.90 I 18.88 128.20 19.28 109.90 18.56 95.24 


^ , ( Ft ) = ..... - 

17.15 ± 0.47) j (6.85 ± 0.14) (5.34 ± 0. 

Torr ^ms ^ I Torr ^ms ^ I Torr~^mo 


1-1 -1 -1 -1 -1 

ITiC? i T/^T-T- me _ J- 


(Pt)~'‘ = 

20) (4.90 ± 0.12) 


Torr ,.s Tc,rr->.s-l 


99 



4.32 

5.76 

7.44 

9.36 

11.28 


4. 16 

37.88 

6.24 

58.82 

7.44 

71.43 

9.36 

84.75 

10.64 

98.04 

11.84 

108.70 

13.44 

125.00 

16.32 

151.50 


(Pt) " = (Pt) " = 

( 9.37 ± 0 . 38 ) ( 9.23 ± 0 . 15 ) 


P 

(Torr) 


18.96 135.10 


„ -1 -1 
Torr ms 


X -1 -1 

Torr ms 
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only, respectively. Therefore the rate constants k„ rue 

2 “ 4 4 

be obtained by extrapolating the (Pt) ^ value S “ 

Similar analysis has been carried out with experimental 
data at other temperatures also and the data are summarized in the 
Table 5.5. The experimental rate constants have been converted 
into energy transfer probabilities using Eqn. (2.8) discussed in 
Chapter II. The results are given in Table 5.6. 

V.3 Interpretation of Experimental Results 

C^H^S molecule has 22 fundamental modes of vibration, out of 
4 4 

which only 14 have been reported to be IR active^^. Three of the 

-1 

fundamental modes lie far above 2349 cm . A partial energy level 

diagram of and CO^ is shown in Figure 5.5 in which the 

“1 

fundamental modes of C^H^S which are far away from 2349 cm are 

not included as these levels are not likely to participate in the 

deactivation of 00^(00^1). It can be observed from Fig. 5.5 that 

no level of C^H^S is close to CO^COO^l), However, two fundamental 

modes r. (1083 cm ^) and (1036 cm are close to the energy 
o / 

— ^ 00 

difference 1064 cm corresponding to (00 1-02 0) in CO^. 

In light of the criteria discussed in Section IV. 3 for 
selecting the possible energy transfer processes, the following 

o 

processes are expected to be responsible in deactivating CO^COO 1) 


level. 
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Table 5.5 


Composition Dependence of (Pt at Different 
Temperatures 


4 4 

(Pt (Torr ^ms 

T = 323 K 

T = 363 K 

T = 413 K 

T = 463 K 

0 

0.32 

0.40 

0.50 

0.54 

0.050 

3.63 

3.28 

2.91 

2.71 

0.080 

4.84 

4.04 

3.73 

3. 19 

0. 110 

7. 15 

6.85 

5.34 

4.90 

0. 139 

9.37 

9.23 

8. 12 

6.95 


Table 5.6 : Rate constants and Probabilities for Energy transfer 

from CO^ (OO^'l) to C^H^S 
2 4 4 


T(K) 

‘‘cOj-CjH^S <Torr‘‘.s‘') 

3 

Probability(xl0 ) 

323 

62.50±2.41 

4.9710.19 

363 

59.47±3.62 

5.0210.31 

413 

47.90±3.66 

4.3110.33 

463 

42.4112.84 

4.0410.27 







Lnergy (c 



Fig. 5.5 Partial energy level diagram for C-H.S and CO, 
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CO^COO^l) + C^H^S(O) > co^do'o) + C^H^S iv^) - 122 cm"^ 

(5.1) 

CO^COO®!) + C^H^S(O) > CO^CIO^O) + C^H^S iv^) - 75 cm"^ 

(5.2) 

CO^COO”!) + C^H^S(O) > C02(02°0) + C^H^S (i^^) - 19 cm"^ 

(5.3) 

002 ( 00 °!) + C^H^S(O) » C02(02°0) + C^H^S (.v^) + 28 cm~^ 

(5.4) 

The probabilities for all the above V-V energy exchange 
processes can be estimated with the help of SB-Tam theory. The 
square of the transition dipole moments of the involved 
transitions for CO 2 are known. But the transition dipole moments 
for the transitions involved in O^H^S are not available. If the 
absolute intensities of the bands are known the dipole moments can 
be estimated. These are also not available except that and 

0 f 

bands in are reported to be strong. The various molecular 

parameters of CO^ and C^H^S used in predicting the energy transfer 

probabilities using SB-Tam theory are presented in Table 5.7. 

Since the transition dipole moments for C^H^S are not 

4 4 

available in the literature, the energy transfer probabilities 

-37 2 2 

have been calculated with an assumed value of 1 x 10 esu cm . 

By matching the theoretical probabilities with the experimental 
values, the actual transition dipole moment for 
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Table 5.7 


Molecular parameters for CO^ 


and C^H^S 
4 4 


Parameters 

CO 2 

C.H.S 

4 4 

Rotational 

Constants 

A 

- 


B 

0.39 cm"^ ^ 

0.181 cm~^ 


- 

0.108 cm~^ 

Hard sphere 

collision 

diameter 

4.0 A 

4.652 A 


The rotational constant B for CO^ is taken from ref. 62 

The rotational constants for C.H.S are taken from ref. 67 

4 4 

The hard sphere collision diameter for CO^ is taken from 


ref. 61 
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calculated. The rotational level population in ^ 4 ^ 4 ^ 

estimated assuming the molecule to be a prolate symmetric top. 

This assumption is justified in view of the fact that the 

rotational constants B and C are almost equal. The hard sphere 

collision diameter for C^H^S was estimated from the Van der Waal's 

68 

b parameter, which is equal to 0.127 lit/mole using the 
relation , 


' “a [ r " ‘ -I ] 

where is Avogadro number and o' is hard sphere diameter. 

The SB-Tam theory was used to obtain the energy transfer 

probabilities for the processes (5.1) to (5.4) at various 

temperatures. The calculated probabilities are presented in Table 

5.8. To facilitate comparison the experimental probabilities are 

also listed in the same table. 

It can be observed from Table 5.8 that the experimental 

-3 

probabilities are of the order of 10 and show a negative 

temperature dependence. The calculated probabilities for the 

-5 “4 

processes (5.1) and (5.2) are of the order of 10 and 10 and 
exhibit a positive temperature dependence. In view of this the 
processes (5.1) and (5.2) are not likely to be responsible for 
deactivation of ^^(OO^l). But the probabilities for the 
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Table 5.8 : Calculated Energy Transfer Probabilities at Different 
Temperatures 


Process 

AE 

—1 


Probability 


(cm ) 

T = 323 K 

T = 363 K 

T = 413 K 

T = 463 K 

» 

5.1 

-122 

3.981x10*^ 

4.607x10"^ 

5.415x10'^ 

6.155x10”^ 

5.2 

-75 

2.567x10"'^ 

2.753x10“^ 

3.059x10“"^ 

3.373x10"'^ 

5.3 

-19 

3.807x10'^ 

3.474x10”^ 

3.096x10“^ 

2.799x10“^ 

5.4 

28 

3.407x10“^ 

3.166x10'^ 

2.871x10"^ 

2.629xl0"^ 

Experi- 

mental 

— 

4.97x10"^ 

5.02xl0~^ 

4.31xl0~^ 

4.04xl0~^ 


* 

5.1 etc. denote the probability for the processes represented 
by Eqns, (5.1) etc. in the text. 
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-3 

Processes (5.3) and (5.4) are of the order 10 and have negative 
temperature dependence. Hence these processes are likely to 
deactivate C 02 ( 00 °l). 

Since the energy levels and v are very close to each 

D / 

other (the difference being only 47 cm ^), it is very difficult to 
exactly identify whether process (5.3) or (5.4) is responsible for 
the deactivation of ^^(OO^l). Hence it is reasonable to assume 
that these two levels contribute equally to the energy transfer 
probability, the energy transfer probability for each of these 
levels being the average value of the two probabilities for the 
processes (5.3) and (5.4). These average values of the 
probabilities were matched with the experimental values to obtain 
the transition dipole moment as indicated below. 


P 

exp 


A P 3 + B P 4 


(5.5) 


where and P^ denote the probabilities represented by the 
processes (5.3) and (5,4) respectively, and A and B are 
multiplicative constants. In view of the assumption 


P = P = 
3 4 


(P3 * p,) 


p 

exp 


(P, 


(A + B) 




(5.6) 


2 


(5.7) 
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The calculated value of (A + B) gave the sum of the transition 

dipole moments for the involved transitions as (1.44±0.03) x 
2 2 

esu cm . The temperature dependence of the experimental 
probabilities are shown in Fig. 5.6. The calculated values of 
probability using the estimated values of (A + B) are shown as a 
solid curve in the same figure. 







CHAPTER VI 

EXPERIMENTAL RESULTS AND DISCUSSIONS : C02-(CD3)2C0 SYSTEM 


VI. 1 GENERAL REMARKS 

The deactivation rates of CO^ (00°1) in mixtures of CO^ and 
Acetone-d. [(CD.,)„CO] were studied by monitoring the time history 
of fluorescence from CO^COO**!) level at 4.3 jim. These rates were 
studied for different mixture compositions namely 3.0%, 5.1%, 
8.0%, 11.0% and 13.8% of (CD^)^CO at different temperatures, 323 
K, 363 K, 413 K, and 463 K. The maximum percentage of (CD^) 2 C 0 
was limited by the time constant of the detector and associated 
electronics as discussed earlier. The deactivation rates of 
CO^COO^l) in collisions with (CD^) 2 C 0 were obtained by 
extrapolating their measured rates to 100% (CD^)^CO. 

The observed deactivation rates indicate that near 
resonant processes are responsible for deactivating CO^COO'*!) . 
These rates decreased with increasing temperature, which suggests 
that long range forces are responsible in the deactivating 
process. Therefore SB-Tam theory was used to calculate the energy 
transfer probabilities, which were compared with the experimental 
values. The experimental results and analysis are given below in 
detail. 

VI. 2 Experimental Results 

o 

A typical fluorescence signal at 4,3/im from 00^(00 1) level 
in a 3.0% (CD2)2C0 mixture at T = 323 K and P = 


9.84 Torr is 
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presented in Fig. 6.1. A semilogarithmic plot of intensity of the 

fluorescence signal versus time is shown in Fig. 6,2. A least 

-1 

squares fit of the data to a straight line gave t = (38.46±4.27) 

ms where error corresponds to standard deviation. 

The fluorescence decay time was measured at several 

-1 

pressures in the range 4-20 Torr. A typical plot of P versus t 

at 323 K for a 3.0% (CD^)2C0 mixture is shown in Fig. 6.3. The 
“1 

dependence of t on P was found to be linear. A least squares 
analysis of this data considering error in both P and x ^ yielded 
(Pt) ^ = (3.73±0.09) Torr ^ms The values of (Px) ^ were 

obtained following the above procedure for all the four 
temperatures and different compositions and the results are 
presented in Tables 6.1 through 6.5. 

Figures 6.4a, 6.4b, 6.4c and 6.4d show plots of (Px) ^ 
vs mole fraction of (CD^)^^, at 323 K, 363 K, 413 K and 463 K. 
Since the dependence of (Px) ^ on j qq is linear the 

deactivation rate of the mixture can be written as 


CPT)-1 - (1-X„) . 


or 


k = k, 


co^-co^ 




where M denotes the (00^)2^ molecule; k^^ and k^^^ 

2 2 2 

o 

represent the rate constants for the deactivation of C 02(00 1), in 
collisions with CO^ molecules only and in collisions with (CD^)^^ 
molecules only, respectively. 



C02 -(003)200 Mixture 
(003)200 = 3 . 0 */, 
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(s^|un *qjD) X^jsus^ui 


Fig. 6.1 Typical fluorescence signal. 



Intensity (arb. units) 
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Fig. 6.2 Semi logarithmic plot of fluorescence intensity vs time. 
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150 


100 


0 

1 

50 


0 

0 6 ,12-18 24 

P (Torr) 

Fig. 6.3 Plot of T ^ vs pressure. 


T = 323 K 

97.0% CO 2 + 3.0% ( 003)200 Mixture 
(Pry' = (3.73 ± 0.09) Torr“^ms~' 
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Table 6.1 : Experimental Values of t at Various Pressures and 
Different Temperatures for a 3.0% (CD ) CO Mixture 


= 463 K 


(Torr) (ms 





4 

.72 

5 

.92 

6. 

24 

7. 

20 

8. 

96 

9. 

60 


-1 


-1 

T 

P 

T 

-1 


(ms 

(ms 

1 

(Torr) 



14.80 59.52 

16.16 62.50 12.00 


36.76 


0 


17.28 67.57 12.96 43.10 

20.32 76.92 13.76 50.00 

15.28 54.35 

15.60 56.50 

16.32 61.73 

18.16 62.50 

18.56 60.24 

20.32 68.49 

(Pt)~^=(3.73± {Pt)'^=(3.27± (Pt)"^=(2. 97± 


.55 


14.39 

22.32 





0.09)Torr~^ms~^ 0.18)Torr ''ms ^ 0.19)Torr "ms "l0.25)Torr "ms 


-1 -1 


1 -1 


3.05± 
-1 -1 
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— 1 

Table 6.2 : Experimental Values of x at Various Pressures and 
Different Temperatures for a 5.1% (CD ) CO Mixture 


T = 323 K 

T = 

363 K 

T = 

413 K 

T = 

463 K 

P 

-1 

T 

P 

-1 

T 

P 

“1 

T 

P 

-i 

T 

(Torr) 

(ms ^) 

(Torr) 

(ms ^) 

(Torr) 

(ms ^) 

(Torr) 

(ms ^) 

5.04 

29.76 

4.72 

26.88 

4.88 

25.25 

4.64 

22.22 

6.48 

43.10 

5.84 

30.86 

6.32 

25.45 

5.36 

23.64 

6.96 

34.25 

7.36 

37.59 

8.00 

/ 

31.45 

6.72 

25.06 

7.28 

31.25 

9.12 

39.68 

9.84 

34.25 

7.52 

27.55 

8.40 

56.50 

9.92 

53.19 

10.32 

50.00 

9.60 

35.21 

8.64 

45.45 

11.68 

68.49 

12.40 

60.98 

11.36 

39.68 

9.44 

53.76 

13.60 

62.50 

13.20 

54.95 

12.72 

44.25 

10.80 

64.94 

15.68 

76.92 

15.52 

58.14 

13.92 

52.08 

10.88 

71.94 

17.20 

80.65 

16.48 

56.82 

15.92 

59.52 

12.72 

72.99 



19.04 

79.37 

17. 12 

61.73 

13.84 

70.42 







14.32 

94.34 







15.68 

72.46 

[ 






16.56 

73.53 







16.80 

79.37 







18.40 

111.10 







(Pt)~^= 

= (5.00± 

(Pt)"^= 

=(4.54± 

(Pt)"^= 

= {3.74± 

(Pt)'^= 

:(3.41± 

-1 -1 

0.66) Torr ms 

-1 -1 

0.46)Torr ms 

0.51)Torr~^ms~^ 

-1 -1 

0.16)Torr ms 
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Table 6.3 : Experimental Values of t ^ at Various Pressures and 
Different Temperatures for a 8.0% ( 002 ) 2 *^ Mixtiore 


T = 

323 K 

T = 

363 K 

T = 

413 K 

T = 

463 K 




B| 

P 

-1 

T 


-1 

T 





(Torr) 

(ms 


(ms 

1 4.32 

46.30 

4.32 

40.32 

3.92 

39.37 

4.88 

39.37 

5.76 

48.54 

5.44 

46.30 

5.04 

42.74 

6.72 

41.32 

7.44 

71.43 

7.92 

58.82 

7.20 

51.55 

8. 16 

50.51 

8.16 

65.79 

8.56 

66,67 

9.36 

58.82 

9.92 

55.56 

9.36 

84.75 

10.64 

79.37 

12 . 16 

108.70 

11.44 

62.50 

9.92 

78. 13 

12.40 

102.00 

12.24 

86.21 

11.68 

67.57 

12.32 

94.34 

14.40 

119.00 

15. 12 

104.20 

13.76 

70.42 

12.80 

113.60 

16.00 

126.60 

15.36 

104.20 

14.80 

98.04 

13.92 

117.60 

19.28 

138.90 

17.28 

114.90 

16.32 

101.00 

18.48 

142.90 

19.76 

140.80 

18.08 

114.90 

17.44 

112.40 


:(7.28± 

(Pt)"^= 

^{6.95± 

(Pt)'^= 

(5.96± 

(Pt)"^= 

(6.34± 

0.50)Torr ^ms ^ 

0.40)Torr ^ms ^ 

0.69)Torr”^ms~^ 

0.64)Torr ^ms ^ 
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Table 6.4 : Experimental Values of t ^ at Various Pressures and 
Different Temperatures for a ll.OJC (.CD^)^CO Mixture 


T = 

323 K 

T = 

363 K 

T = 

413 K 

T = 

463 K 

P 

-1 

T 

P 

-1 

T 

P 

-1 

T 

P 

1 -1 

T 

(Torr) 

(ms 

(Torr) 

(ms ^) 

(Torr) 

(ms ^) 

(Torr) 

(ms ^) 

4.72 

64. 10 

4.40 

51.02 

4.72 

48.54 

4.32 

44.64 

5.28 

64.94 

5.68 

66.23 

6.32 

54.95 

5.52 

47.17 

6.40 

70.92 

6.48 

65.79 

8.40 

73.53 

6.80 

51.55 

8.32 

101.01 

6.80 

72.46 

9.84 

83.33 

7.28 

60.98 

9.84 

111.11 

8.72 

85.47 

11.28 

128.20 

8.40 

62.50 

12.24 

129.87 

10.48 

108.69 

11.92 

107.52 

10.00 

69.44 

13.84 

156.25 

11.28 

131.57 

13.20 

128.20 

11.60 

81.97 

15.28 

147.05 


135.13 

13.60 

138.88 

13.52 

94.34 

17.52 

136.98 


158.73 

15.04 

126.58 

14.80 

111.11 

18.16 

169.49 


151.51 

15.60 

131.57 

15.68 

112.35 

(Pt)"^= 

= (7.41± 

(Pt)"^= 

= (10.73± 

(Pt)"^= 

(8.92± 

(Pt)'V 

(6.40± 

0.92)Torr ^ms ^ 

0.59) Torr ^ms ^ 

1.30) Torr Vs ^ 

0.36)Torr~^ms"^ 
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Table 6.5 : Experimental Values of at Various Pressures and 
T = 323 K for a 13.8% (CD^l^CO Mixture 


P (Torr) 

T ^ (ms 

3.36 

62.89 

4.48 

74.07 

6.32 

90.09 

8,00 

129.87 

8.64 

140.84 

10.00 

140.84 

11.84 

192.30 

12.08 

192.30 

13.36 

185.18 

15.76 

204.08 

(Pt) ^ = 12.61±1.27 Torr ^ms ^ 
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The value of was obtained by extrapolating the (Px) 

data to = 1. A least squares analysis of the data to a 

straight line fit, considering errors in both the variables was 

performed to obtain the value of ^ at all the four 

2 3 2 

temperatures studied and the data are presented in Table 6.6. 

The experimental rate constants were converted into 
energy transfer probabilities using the Eqn. (2.8). The results 
are summarized in Table 6.7. 

VI ,3 Interpretation 

Acetone-d^ [(CD^)2C0], molecule has 25 fundamental inodes 

70 

of vibration, out of which only 14 are reported to be IR active. 

A partial energy level diagram of (00^3^00 and CO^ is shown in 

Fig. 6.5. It can be observed from Fig. 6.5 that two fundamental 

levels (2263. 5 cm and v^^(2226. 5 cm of (CD^)^CO are close 

to CO^COO**!) level. In addition to these, four fundamental modes 

vJlOSO cm~^), i^,^(1035 cm"^). p,„(1054 cm”^) and v^.dOSO cm"^); 

4 Id 1 / 

-1 -1 

two combination bands cm ) and ™ ^ have 

-1 -1 

energies which are in the neighborhood of 1064 cm or 961 cm 
corresponding to the transitions (00 1-02 0) and (00 1-10 0), in 
CO^, respectively. 
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Table 6.6 : Composition Dependence of (Pt) * at Different 
Temperatures 


^{CY)^)^C0 


(Pt) ^ (Torr 

-1 -1, 
ms ) 


T = 323 K 

T = 363 K 

T = 413 K 

T = 463 K 

0 

0.32 

0.40 

0 50 

0.54 

0.030 

3.73 

3.27 

2.97 

2.46 

0.051 

5.00 

4.54 

3.74 

' 3.41 

0.080 

7.28 

6.95 

5.96 

5.31 

0.110 

10.52 

10.73 

8.92 

6.40 

0.138 

14.50 





Table 6.7 : Rate Constants and Probabilities For Energy Transfer 
From C02(00‘’l) to (CD2)2C0. 


T (K) 

*^C02-(CD2)2C0 
(Torr ^ms 

Probability (xlO^) 

323 

96.5715.53 

6.7610.39 

363 

88.5713.73 

6.5710.28 

413 

73.2714.34 

5.8010.34 


463 


56.4712.09 


4.73±0.18 




Lnergy (cm 


2000 - 


1500 - 


1000- 


500 - 


0 


*'14 


1^3 [vs] 


I'lstvs] 

»'l7[in] 




l^^[wj 


*'23 


( 10 ° 0 ) 

(OZ^O) 


(Ol'o) 


(CD3)2C0 


C02 


Fig. 6.5 Partial energy level diagram for {CD„)„CO and CO, 
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Taking into account the above facts and the criteria 
discussed in Section IV. 3 for selecting the possible energy 
transfer processes, the following processes were considered to be 
responsible for the deactivation of CO^COO'l) level 

CO^COO'l) + (CD^l^COCO) CO^tO) + (.CD^)^CO(v^^) + 85.5 cm“^ 

( 6 . 1 ) 

002(00*1) + (CD 2 ) 2 CO( 0 ) 002(0) + (OD2)2CO(w2o^ + 122.5 cm~^ 

( 6 . 2 ) 

002(00*1) + (CD^)^CO(O) -» 002(02*0) + (00^)200(1^^) -16 cm"^ 

( 6 . 3 ) 

002(00*1) + (003)200(0) 002(02*0) + (003)200(1^21 ) 

( 6 . 4 ) 

002(00*1) + (003)300(0) — > 003(02*0) + (003)300(1^^^) + 29 cm"^ 

( 6 . 5 ) 

003(00*1) + (003)300(0) 003(10*0) + (CD^)^CO(i’^^) -43 cm"^ 

( 6 . 6 ) 

003(00*1) + (003)300(0) ^ 003(02*0) + (003)300(1^^.^) + 60 cm~^ 

( 6 . 7 ) 

003(00*1) + (003)300(0) ^ 002(10*0) + (003)200(1^^+1^24^ 1 

( 6 . 8 ) 

003(00*1) + (003)300(0) ^ 003(02*0) + cm"^ 

( 6 . 9 ) 

The probability of energy transfer for the V-V exchange 
processes ( 6 . 1 ) to ( 6 . 9 ) can be calculated using SB-Tam theory. 
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The transition dipole moment matrix elements or absolute 

intensities for the levels involved in (CD^)^CO molecule are not 

available. Only relative intensities of the above bands are known. 
70 

It was reported that ^ 21 * levels are strong while 

^16’ ^17' ^6 “^*^24 ^17‘*’^19' medium. 

The molecular parameters used in the calculation of 

energy transfer probabilities are presented in Table 6.8. 

Since the values of transition dipole moment matrix 

elements for (CD^)^CO are not available in the literature, the 

probabilities for energy transfer were calculated with an assumed 
-37 2 2 

values of 1 X 10 esu cm for (CD^)2^0. The probabilities are 
directly proportional to the squares of the transition dipole 
moment matrix elements. Therefore a comparison of the theoretical 
and experimental probabilities yields the dipole moments of the 
involved transitions in ( 002 ) 2 ^ 0 - Since the rotational constants 
A and B are approximately same, the (CD^)^CO molecule, is treated 
as an oblate symmetric top in the calculation of rotational 
population. 

The calculated probabilities of energy transfer using 
SB-Tam theory for the above processes at various temperatures are 
presented in Table 6.9. The experimental values are also given in 
the same table for comparison purpose. 
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Table 6.8 : Molecular Parameters for CO^ and (CD ) CO 


Parameter 

CO 2 

( 003)200 




b 


A 

— 

0.56 cm 

Rotational 


a 



B 

0.39 cm"^ 

0.47 cm"^ 

Constants 





C 

— 

0.27 cm'^ 

Hard Sphere 






4.0 A 

5.669 A 

Collision Diameter 




3 . 

Value taken from ref. 62 

■j* 

Collected from ref. 70 
^ Cited from ref. 61 
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Table 6.9 : Calculated Energy Transfer Probabilities at Different 
Temperatures. 


Proc- 

AE 

Probability 

ess 

(cm 

T = 323 K 

T = 363 K 

T = 413 K 

T = 463 K 

6.1^ 

85.5 

8.276x10”^ 

9.210x10“^ 

1.086x10"^ 

1.319x10"^ 

6.2 

122.5 

1 . 703xl0~^ 

1.991x10"^ 

2.377x10”^ 

2.785x10'^ 

6.3 

J -16 

1 . 833x10“^ 

1.677x10"^ 

1.506x10”^ 

1.367x10“^ 

6.4 

14 

2.020x10"^ 

1.834x10"^ 

1.627x10'^ 

1.469x10“^ 

6.5 

29 

1.643xl0~^ 

1.480x10"^ 

1.312x10”^ 

1.190xl0~^ 

6.6 

-43 

1 . 308x10”^ 

1.270x10"^ 

1.199x10”^ 

1.121x10“^ 

6.7 

60 

4.980x10"'^ 

5.505x10”^ 

6. 181x10"'^ 

6.639x10“^ 

6.8 

1 

2.847x10"^ 

2.556x10'^ 

2.221xl0~^ 

1.969xl0"^ 

6.9 

-96 

5.504x10"^ 

6.187x10"^ 

7.244xl0"^ 

8. 368x1 O"^ 

Expe- 

rimen 

-tal 

— 

6.76x10“^ 

6.57x10”^ 

5.80x10”^ 

4.73xl0"^ 


^6.1 etc. denote the processes represented by Eqns. (6.1) etc. 


in the text. 
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It can be observed from Table 6.9 that the calculated 
probabilities for processes (6.1), (6.2), (6.7), and (6.9) are 

increasing with temperature. The experimentally observed energy 
transfer probabilities have a negative temperature dependence* In 
view of this disagreement regarding the temperature dependence, 
these processes are not likely to be responsible for the 
deactivation of C02(00**l). The processes (6.3), (6.4), (6*5), 

(6.6) and (6.8) show a negative temperature dependence. Hence 
they may be responsible for the deactivation of C02(00°l). It may 
be noted that the calculated probabilities for all these processes 
are approximately equal and that the ( 002 ) 2^0 levels involved in 
these processes are very close to each other. It is therefore 
difficult to identify a particular process from this set which may 
be responsible for the deactivation of C 02 ( 00 '’l). 

It is more likely that all these processes are equally 

o 

responsible in deactivating CO^COO 1). In that case is given 

by 


P 

exp 





( 6 . 10 ) 


where P-, P. , Pj., P^ and P„ denote the calculated probabilities 
for the processes (6.3), (6.4), (6.5) (6.6) and (6. 8), respectively 
and A ...A^. are multiplicative constants associated with the 

X O 

square of the transition dipole moments . It is not possible to 

evaluate all these constants from the present data. 

Though the absolute intensities are not known, relative 

70 

intensities of the various observed IR bands have been reported . 
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Therefore, one extreme case isi considered in which the levels 
which have smaller values of transition dipole moments are 
ignored. Since is the only level having strong intensity 
whereas the other levels in the set are of medium intensity it is 
reasonable to ignore the levels with medium intensity and consider 
the level only to obtain an approximate value of the 
transition dipole moment. Therefore may be written as 


P 

exp 


A P 


4 


Using the least squares fit, the dipole moment of is obtained 

-37 2 2 

as (3.43±0.07) x 10 esu cm . The temperature dependence of 
experimental probabilities and the theoretical plot for this model 
are shown in Fig. 6.6. 






CHAPTER VII 
CONCLUSION 


The overall rates for the transfer of energy from C 02 ( 00 °l) 
to CF^Cl^, ^4^4^ were measured at four different 

temperatures in the range 323-463 K. The probability of energy 
transfer for CO^-CF^Cl^ mixtures was found to be independent of 
temperature, whereas the probability for CO^-C^H^S and 
C02“(CD2)2^*^ mixtures showed a negative temperature dependence. 
SSH-Tanczos theory and SB-Tam theory were used to calculate the 
probabilities of energy transfer in CO^-CF^Cl^ system. The former 
theory could not explain the experimental data either 

quantitatively or their temperature dependence. But SB-Tam theory 
explained both the aspects satisfactorily. Squares of the 
transition dipole moments for the combination band 'the 

overtone 2v in CF„C 1 „ , which were not available, were calculated 

o Z Z 

by matching the experimental and theoretical estimated 
probabilities. They are in qualitative agreement with the 
reported relative intensities of these levels. SB-Tam theory was 
used to analyze experimental data of CO^-C^H^S and C0^-(CD^)2C0 
systems. The sum of the squares of the transition dipole moments 
for the levels and of C^H^S and the square of the transition 
dipole moment for level of (002)2^0 were also obtained. 
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Further Scope of Work 

In the present work the fluorescence emitted from CO^COO^l) 
level was monitored. No attempt was made to measure the rise and 
fall times of individual levels of the collision partners of CO^. 
These type of measurements will help in identifying the exact 
energy transfer mechanism. 

Extending the work over higher temperatures will help to 
understand the nature of intermolecular potential better and the 
transition dipole moments can be obtained more accurately. 

The existing theories take into account either repulsive 
part or attractive part of the intermolecular potential. Since 
the intermolecular potential consists of both these parts, a 
theory in which both repulsive and attractive parts are 
incorporated would be more suitable. 
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APPENDIX A 

CALCULATION OF BREATHING SPHERE PARAMETERS 
USING NORMAL COORDINATE ANALYSIS 


The cartesian displacements are derived from normal 

71 

coordinate analysis of the molecular vibration . One of the 
products of this analysis is a transformation matrix L, which is 
the link between internal coordinates R and the normal coordinates 
Q. The relations between these two sets of coordinates is given by 

R = LQ (A.l) 

The cartesian displacements X are related to the changes in 
internal coordinates by the matrix B, as 


R = Bx 


(A. 2) 


The squares of the cartesian displacements are given by 




(A. 3) 


where the matrix H is defined as 


H = BM 


(A.4) 



M being a diagonal matrix of the atomic masses. Comparison of Eqn. 
(3.4.11) with the definition of Wilson's G matrix 

G = (A. 5) 


shows that the elements H are easily obtained from G. For unit 
change of the normal coordinate only, the sum of the squares 
of the cartesian displacements of all the atoms is given by 


3N 

i=l 





(A. 6) 


where N is the number of atoms in the molecule. In order to obtain 

2 

the average displacement of the surface atoms, or 
moments of various types of atom in the molecule need to be 
calculated separately. This is done by including only the required 
(surface) atomic masses in the diagonal matrix when H is computed 
according to Eqn. (A. 4) 


2 1 
<A > = ^ 
n N 


L ^H(L') 


nn 


(A. 7) 


where N is the number of surface atoms. 



APPENDIX B 

DETAILS OF EVALUATION OF THE INTEGRALS IN EON. (3.54) 


The integrals in Eqn.(3.54) of the text, are of the type 


S = 
n 


-Zuh/v n -av , 
e V e dv 


(B.l) 


Substituting x = wbVa and u = Va v yields the integrals in the 
form 


„ -(n+l)/2 f -[(2x/u)+u^] n, 

S = a e u du 

n J 

0 

Def ining 


(B.2) 




? -[(2x/u)+u^] n , 

e u du 

0 


(B.33 


We have 

Jv G^Cwb/v) e dv 
0 


(1/a) [A^ fj(2x)+B^ X fpCZx) 

+C^ x^ f_j(2x)+ f_ 2 ( 2 x)+E^ x^ 


= (1/a) I^(b.w,T) (B.4) 

Eqn. (B.4) when substituted in Eqn. (3.54) will result in Eqn. 
(3.55). The same integrals are involved in evaluating 
<v ^J^(wd/v)>^ which results in the following formula 
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_2 2 

<v J^(a)d/V)>^ = 2a [a^f^U/2) + b^x f^U/2) + c^x^f_j(x/2) 

+ x^ f_2(x/2) ] 

= 2aI^(0,w.T) (B.5) 

Here x=wdi/a . This leads to Eqn. (3.59) of the text. The following 


values were used in evaluating 

dipole-dipole interaction (£=2). 

(d,u, T) and 

l2(0,u,T)for 

A2=0.3333 B2=0.6717 

0^=0. 7980 

0^=1 . 0428 

£^=0 . 0006 

a2=0.25 b2=0.0977 

C2=0.0208 

d2=0.0022 


The function fj(y) 

is calculated 

using the 

polynomial 


approximation given in ref. 52 of the text, 

CX> 

2 fj(y) = ^ y y^ (B.6) 

k=0 


The following relations hold good for the integrals 

2f^(y) = (n-l)f^_ 2 (y) + 

The constants aj^ and bj^ are given by 


(B.8) 
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-2bj^_2-(3k^-6k+2)aj^ 

\ "" k(K-l)(k-2) 

^0 = ^ 

bj = -v^, b^ = 3(l-y)/2 

where, 3^ is the Euler constant having a value 0.5772. f^(y) is a 
monotonically decreasing function of y and its maximum value is 
0.5 when y=0. 

An examination of the values of fj^y) 21s a function of y 
reveals that Eqn.(B.6) holds good for y^3. For y>3 the following 
asymptotic approximation given in ref. 52 of the text is used. 

f (y) = \/ n/3 3 ^(21 + a /v + a^/v^+ ... + a/vj^+. . ) 

xJ X b iC 

(B.9) 

2/3 

where, v = 3(y/2) . The constants a^^ of Eqn. (B.9) are calculated 

using the following relations, 

= 1 ; a^ = (3n^ + 3n - 1)/12 

12(k+2)aj^^2 == -(12k^+36k-3n^-3n+25)aj^^^ 

+l/2(n-2k) (2k+3-n) (2k+3+2n)aj^ (k=0,l,2. . . ) 

The other fmctions f^, f_2 etc. are calculated using the 

relations given by Eqns. (B.7) and (B.8). 


-2a 


a._ =- 


k-2 


k(k-l)(k-2) 


a = 


^ = 0 


= -b. 



APPENDIX C 

DETAILS OF EVALUATION OF INTEGRALS IN EON. (3.70) 


The first term in Eqn. (3.70) for dipole-dipole interaction (£=2) 
is 

-2ct>b/v,. .,3s ,, fn A \ 

e ^^2^^ (C.l) 

d 

Making the substitution y = 2a)b/v results in 

*00 o _ 

k^i2o)/w) I (l/y^)e ^ dy (C.2) 

J2a>d/v 


which can be integrated by parts to give 


/j2s. ~2ctxi/v L i \ -2wd/v . f 2. 2s_ ^ 

^(1/d “ A2(t<J/dv)e + 2k^{u) /v OE^ (2(t)d/v) 


(C.3) 


r 


The second term | e (l/b^)db reduces to 


*00 

2B„(w/v)^r (l/y^)e ^dy =B„{u/dv)e 

•’ 2wd/v 


The third term is 


2wd/v _ 2 B 2 (w/v)^E^( 2 wd/v) 


(C.4) 


r e-2wb/v^ ^ C (u/v)^!* (1/y) 

J J 2£^/v 


e ^dy 


= C 2 (w/v) Ej(2ud/v) 


(C.5) 
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The fourth term 

J e"2‘^*^'^Vp^(„b/v)^(l/b^)db = (0.6. 

d 

and the last term 

f e ^^^^'^E^(ci)b/Y)^(l/b^)db = i E^(a)/v)^f ye ^dy 
d ^2cod/v 

- ^ tr r -2a>d/vl r r / >2 -2o>d/v 

2 ^2 4 ^2 ^ 

(C.7) 

Adding up the Eqns. (C.l) to (C.7) will give the following 
expression 

F^Ccxi/v) = ^ A^Cl/d )e’ +(B 2 -A 2 ) (t<>/dv)e 

Iron w / ^2 -2o)d/wl„ . . .3, -2a>d/v 

+ -^(2I)^-^E^) io>/v) e +^E 2 (w/v) de 

+ Uk^-ZB^+C^) (u)/w)^E^(2u)d/v) (C.8) 

“2 

The evaluation of <v F 2 (wd/v)> is simply the integration of Eqn. 
(C.8) over the velocity v which involves the same integrals as 
evaluated in Appendix B except for the last term of Eqn. (C.8). 
The final result is given in Eqn. (3.76). 
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